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I .  INTRODUCTION 

The analysis  of the Log Compress ion  Amplifier Circui t  was  
funded by J e t  Propuls ion Labora tor ies ,  Pasadena ,  California,  under 
cont rac t  Number AV4-224494.  This  repor t ,  descr ibing the r e su l t s  of 
the ana lys i s  and methods employed, fulfi l ls  the contractual  obligation. 

The r epor t  i s  organized into eight sect ions and a n  appendix. 
Section I1 deals  with the approach used  in  analyzing the c i rcu i t ,  and 
just i f ies  the underlying assumptions of the methods.  
i n  output c u r r e n t s  f r o m  nominal to wors t - case  conditions a r e  a l so  
presented i n  Section I1 in  the f o r m  of composi te  cu rves .  

The var ia t ions 

Considerable difficulty w a s  encountered i n  obtaining pa r t s  data  
f o r  this  c i rcu i t .  
p a r t s  data and all assumptions w e r e  careful ly  checked with the com-  
ponent special is ts  i n  the Quality, Reliability, and Standards Division 
of Autonetics. 
Section I11 of the r epor t .  

In some cases  assumptions had to be made .  The 

A complete description of the p a r t s  data appea r s  in  

Sections I V  through V I  present  the summar ized  r e su l t s  of the 
computer  c i rcu i t  analysis  methods.  Autonetics has  been using com-  
puters  f o r  the ana lys i s  of c i rcui ts  f o r  a number of y e a r s  with a g r e a t  
dea l  of success .  
routines has  been developed within the company. These rout ines  a r e  
used ,  p r imar i ly ,  as  design aids to  the c i rcu i t  ana lys t .  They enhance 
the capabili t ies of the analyst  by enabling h im to  obtain r e su l t s  which 
would be impossible  to duplicate manually.  In addition, they ensu re  
a high degree  of accuracy  and reduce the t ime requi red  f o r  ana lys i s .  
A detailed descr ipt ion of one of these  computer  routines (MANDEX 
W o r s t - c a s e ) ,  used in this analysis ,  i s  included as Appendix I .  

A ve ry  extensive l i b r a r y  of c i rcu i t  ana lys i s  computer  

Of p r i m a r y  importance in the ana lys i s  of the Log Coinpression 
Amplifier was  the behavior of the c i rcu i t  under la rge  t empera tu re  
fluctuations.  
to pe r fo rm the necessa ry  calculations.  
methods and r e su l t s  of the detailed t empera tu re  ana lys i s .  The  component 
p a r t s  that  a r e  most  influential i n  changing the output var iab les ,  under 
t empera tu re  changes,  a r e  isolated.  

The MANDEX computer routine was  especial ly  modified 
Section VI1 desc r ibes  the 

A s u m m a r y  of the conclusions i s  p resented  i n  Section VIII. 

I- 1 
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11. METHOD O F  ANALYSIS 

The Log Compress ion  Amplifier (LCA) consis ts  of seven ampl i -  
The schematic  of the LCA is shown in F igu re  1.  fying s t ages .  

schematic  was received f r o m  Je t  Propuls ion Laborator ies  ( J P L ) ,  
This  

Two approaches w e r e  considered for  the analysis of this c i r -  

The en t i re  c i rcu i t  could not 
cuit: (1) the circui t  could be analyzed s tage-by-stage o r  (2) the 
c i rcu i t  could be analyzed in two p a r t s .  
be analyzed by any existing computer p r o g r a m s  because  of the l a rge  
number of p a r a m e t e r s  involved, i. e . ,  components.  The second 
method was selected so the effects of the dc and ac  feedback could be 
included. 

The circui t  was  spli t  into two p a r t s .  The point a t  which the c i r -  
cuit was  spli t  is shown in Figure 2 .  

This break-point was  selected because  the re  is no dc feedback 
f r o m  the second pa r t  of the circuit  to the f i r s t  p a r t .  If the voltage a t  
the emi t te r  of Q249 and Q254 a r e  equal,  t he re  will  be no dc cu r ren t  in 
R591 caused by the second part  of the c i rcu i t .  
this dc cu r ren t  was  negligible. The assumption was  checked by c o m -  
paring s imi l a r  voltage points in both the first and second p a r t s  of the 
c i r cu i t .  
of Q242 and Q247. 
the emi t t e r s  of Q252 and Q257. 
along with the dc voltage a t  the emi t te r  of Q249. 

It was  a s sumed  that 

In the first p a r t ,  s imi la r  voltage points a r e  a t  the emi t t e r s  
In the second p a r t ,  s imi l a r  voltage points a r e  a t  

These  voltages a r e  shown in Table 1 

Table 1 .  Voltage Points at Emi t t e r s  of Q252 and Q257 

V E  Q242 

VE Q247 

VE Q252 

VE Q257 

V E  Q249 

Nominal 

4.594 

4, 550 

4. 342 

4.554 

4.498 

Wors t  Case  

Max 

7 .  381 

7. 386 

7 .244  

6 .608  

7 .  368 

Min 

2 .  172 

2.086 

1. 886 

2.  706 

2. 014 

11- 1 
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F i g u r e  1 .  Schematic of Log Comparison Amplifier 
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lR587 
FIRST P A R T  

R589 

-1 -+d I 

R591 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I SECOND PART 

F igu re  2 .  Schematic  Showing the Point a t  Which 
the Circuit was  Split 

It can be seen  f r o m  these  voltages that splitting the c i rcu i t  at 
this point had l i t t le effect on the dc solutions.  

An ac feedback path ex is t s  f rom the second pa r t  of the c i rcu i t  to  
the emi t t e r  of Q249 through res i s tor  R589. This  a c  feedback was  
taken into account in the ac analysis .  

1 .  DC ANALYSIS 

The f i r s t  and second p a r t s  of the c i rcu i t  vere anal ,zed sing a 

The dc circui ts ,  with the appropriate  node 
DC MANDEX Wors t -case  Circuit  Analysis. 
node to ground voltages. 
n u m b e r s ,  a r e  shown in F igures  3 and 4. 
a r e  given in the sections titled "DC MANDEX. 

This ana lys i s  gives the dc 

The r e su l t s  of these analyses  

11-5 
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The dc input to the f i r s t  p a r t  of the c i rcu i t  was  taken as 1 volt in 
s e r i e s  with a 200 ohm r e s i s t a n c e .  
ca l l  to JPL.  
pe rcen t .  This  a s s u m p -  
tion was checked by verifying that the voltages a t  the diode nodes w e r e  
between + O .  5 volts.  
region of operation. 
the t r ans i s to r  base emi t t e r  voltages w e r e  m o r e  posit ive than 0 . 6 3  1 
volts and that  the col lector  emi t t e r  voltages w e r e  posi t ive.  

This  data  was  obtained by a phone 
The t 1 2  volts and -6 volts w e r e  give11 a to le rance  of r 1 0  

All of the diodes w e r e  a s sumed  to be cut off. 

All t r a n s i s t o r s  w e r e  a s sumed  to be in the act ive 
This  assumption was  checked by verifying that 

Resul ts  of the dc analysis  indicate that the t r a n s i s t o r s  wil l  
r ema in  in the active s ta te  under wors t -case  bias  conditions at 25  C .  
It should be noted that this  only applies to the dc bias  conditions and 
does not indicate the s ta te  of the t r a n s i s t o r s  when an  a c  s ignal  is 
applied . 

2 .  AC ANALYSIS 

The  ac  analysis was  conducted by assuming that all capac i tors  
in s e r i e s  with r e s i s t o r s  w e r e  sho r t  c i r cu i t s  and all f i l t e r  capac i tors  
were  shor ted  to ground. 
shown in F igures  5 and 6 .  
used in the  AC MANDEX W o r s t - c a s e  c i rcu i t  Analysis .  

The c i rcu i t s  used  fo r  the ac  ana lys i s  a r e  
The node numbers  cor respond to the number  

The AC MANDEX Wors t -case  Ci rcu i t  Analysis of the f i r s t  p a r t  of 
the c i rcu i t  was conducted with an ac input voltage of 0 .  1-volt  peak.  
All of the resu l t s  of this  analysis  may be taken a s  peak voltages and 
c u r r e n t s .  
active s t a t e  and with all diodes r e v e r s e  b iased .  

This analysis  was  a l so  conducted with a l l  t r a n s i s t o r s  i n  the 

Results of the AC MANDEX give the pa r t i a l  der iva t ives  of the 
output cur ren ts  with r e spec t  to each input p a r a m e t e r ,  i .  e .  , component.  
The s igns  of these pa r t i a l  der ivat ives  w e r e  used to se t  the input p a r a m -  
e t e r s  to  a worst-case sett ing in the Envelope P r o g r a m .  If the s ign of 
a pa r t i a l  derivative of a load c u r r e n t  (with r e spec t  to a p a r a m e t e r )  is 
posit ive,  the p a r a m e t e r  i s  s e t  to i ts  maximum to obtain a wors t -case  
maximum of the load c u r r e n t .  
the  pa rame te r  is  s e t  to a minimum.  This  procedure  is r e v e r s e d  if a 
wors t -case  minimum of the output c u r r e n t  is d e s i r e d .  

If the sign of the pa r t i a l  is negat ive,  
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The Envelope P r o g r a m  was used to  obtain plots  of the output 
c u r r e n t s  a s  a function of the input voltage at  25 C and -5OC. 
plots  of  each output c u r r e n t  were  obtained a t  each t empera tu re .  These 
th ree  plots correspond to  the max imum,  nominal?  and min imum values 
o i  the output cur ren ts .  Composite plots of each  load c u r r e n t ,  with the 
nominal and extreme va lues ,  a t  each  t empera tu re  a r e  shown in  f igures  
1 0  t h r u  17. 
known. 
s ta ted that the load c u r r e n t s  of the c i rcu i t  will l ie between the max i -  
m u m  and minimum curves .  The shape of the curve  of output c u r r e n t  
v e r s u s  input current  should closely approximate the cu rves  obtained 
from experimental  checks on the actual  c i rcui t .  A descr ipt ion of the 
Envelope P rogram.  which i s  the ana lys i s  technique used to  obtain 
these  c u r v e s ,  follows. 

Three  

The exact values  of the p a r a m e t e r s  in  any c i rcu i t  a r e  un-  
If the p a r a m e t e r  e x t r e m e s  used a r e  r ea l i s t i c .  i t  m a y  be 

The Envelope P r o g r a m  r e q u i r e s  the a c  and dc  c i rcu i t  equations,  
a c  and d c  pararneter va lues .  and the values used to  r e p r e s e n t  the 
diodes. 
Thc> a c  r~qiiations were  solved to  find the peak values  of the output 
cur  r e n t s  . 

The dc equations a r e  solved to find the diode offset  vol tages .  

The operation of the log compress ion  amplif ier  depends upon the 
non-linear cha rac t e r i s t i c s  of the diodes.  Diodes in  the Envelope P r o -  
g r a m  were  represented by t h ree  l inear  segments .  
segments  were  r e f e r r e d  to a s  cutoff. ac t ive .  and sa tura ted .  F igure  7 
shows the type of diode cha rac t e r i s t i c s  used in  the ana lys i s .  

The t h r e e  l inear  

t 
I 

v 2 v 3 v 4  

F igure  7 .  P iecewise L.inear Diode Charac te r i s t i c  Showing 
Source and Break  Point Voltages 
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Diode Voltage 

VD 

V D <  V2 

v 2  5 VD v4 

VD?  V4 

The cu tof f ,  ac t ive ,  and sa tura ted  names  w e r e  used because the 
p rogram was originally designed to  solve c i rcu i t s  with t r a n s i s t o r s  in 
the t h r e e  possible  s t a t e s .  
log compression ampl i f ie r .  

The p r o g r a m  was  modified to analyze the 

S ta te  

1 or  cutoff 

2 or  active 

3 or  sa tu ra t ed  

To s t a r t  the Envelope Analysis ,  the s t a t e s  of all diodes w e r e  
a s s u m e d .  
la ted .  
table:  

The total  voltage (ac plus  dc) a c r o s s  each diode was  ca l cu -  
The s t a t e s  of the diodes can  be determined f r o m  the following 

Table 2 .  Diode Status  

The  assumed s t a t e s  were then compared  with the calculated 
s t a t e s .  If the s t a t e s  ag reed ,  the solution was valid; if the s t a t e s  did 
n o t  a g r e e ,  then a new combination of s t a t e s  was t r i e d .  A l i s t  of poss ib le  
combinations of s t a t e s  were  given to  the p r o g r a m .  These  s t a t e s  a r e  
shown i n  F igu re  8 .  If the solution did not exist  in  the given combin- 
atiotis .  then the input voltage was s tepped to a new value.  In some of 
the computer  outputs ,  points of z e r o  cu r ren t  will  be found. 
poi:its correspond to points at which n o  solution could be found. 

T h e s e  

I n  the ac  analysis  of the circ.uit,  it was  assumed that s a tu ra t ed  
diodes consis ted of a sma l l  res i s tance  in s e r i e s  with an  a c  voltage 
sotirc-e. 
pltis o r  minus the dc voltage a c r o s s  the diode. 
diode offset .  
whilti those which pointed away from ground had the dc voltage sub -  
tractec:. A s i m i l a r  procedure  was followed for diodes in the act ive 
region with t h t .  volt-age V 1  being used in place of V3. 

The  ac voltage source was  given a value of V3 ( s e e  F i g u r e  6 ) ,  
This  dc voltage i s  the 

Thc diodes which point to ground had the dc voltage added 

11-15 



EM 1063-7  

c, .r( 

3 
U 
k 

.r l  u 
'r 
0 

k 
Id 

c, 

lL 
c, 
v) 

k 
.r( 

6-I 
0 
a, 

Id 
m 
aj a 
0 

c, 

c.' 

6 
c 
Id 
v 

11-16 

c, 
.r( 

3 
U 
k 

.r( u 
a, 

5 
W 
0 
m 
c, 
k 
(d 

a 
c 
0 
U 
0 
m 
a 
G 
ld 

(I] 
k 

Pi 

c, 

.rl 

Gc 
k 
0 

'* 

m c 
0 

cd c 
s 
c 

.- 
c, 

.r( 

E 
u 
c, 

c, 
Id 
m 
a, a 
0 

.r( n 

M 

a, 

2 
M 

.r l  

I& 



EM 1063-7 

Each  s t age ,  following a stage with a sa tura ted  diode, will  a l so  
have one of i t s  diodes saturated.  An investigation of the cause  of the 
computer  routine not being able to  find a combination of states revealed 
that if a f irst  stage diode saturated,  then one of the diodes in the l a s t  
s tages  would t r y  to go f r o m  the sa tura ted  to  the act ive region.  
caused by the amplification of the relat ive small a c  signal appearing 
a c r o s s  the small saturated diode r e s i s t a n c e s .  

This  is 

The  f i r s t  p a r t  of the circuit  was analyzed with a res i s tance  of 6K 
in pa ra l l e l  with R591.  
input res i s tance  of the second p a r t  of the c i rcu i t  and was  calculated by 
an  Envelope Analysis of the second s tage with all pa rame te r s  s e t  to 
t he i r  nominal values .  A plot of the  slope of this  ac  input r e s i s t a n c e  is 
shown in F igure  9 .  
a r b i t r a r i l y  given a ! 10 percent to le rance .  

This res is tance cor responds  to the nominal a c  

The input res i s tance  of the second s tage was  

The second p a r t  of the circuit  was  analyzed by assuming that the 
input voltage was applied through a 1 .  03K r e s i s t a n c e .  This  r e s i s t a n c e  
i s  the hand calculated value of the output r e s i s t a n c e  of the f i r s t  p a r t  of 
the c i r cu i t .  
w e r e  determined by calculating the worst  ca se  values using the p a r a m -  
e t e r  ex t r emes .  The maximum and minimum values w e r e  determined 
to  be 2.01K and 0.364K. 
the following equation: 

Maximum and minimum values of the output r e s i s t a n c e  

The output res i s tance  was calculated from 

R591 (R586 4- hie8) R - 
Out  - R586 + h t R591 ( 1  t hfe8) ie8  

Curves for the maximum values of load cu r ren t  were  obtained by 
setting the c i r cu i t  p a r a m e t e r  values to the i r  appropriate  high and low 
l imi t s  and then running the Envelope Analysis a s  before. The proper  
p a r a m e t e r  sett ings were  obtained f rom the r e su l t s  of the AC MANDEX 
Circui t  Analysis.  For  example, on calculating the maximum curve of 
IL1 the pa rame te r  sett ings that caused a wors t  case  maximum in the 
AC MANDEX analysis  were used. S imi la r  procedures  were  used to  
obtain the curves  f o r  a l l  other maximum and minimum load cu r ren t  
curves .  The load res i s tances  used in these calculations were taken as 
100 ohms r2O percent .  The components which appear  in only the dc 
c i r cu i t  were  assumed to remain a t  t he i r  nominal values fo r  a l l  load 
c u r r e n t  curves  at  2 5  C. 
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Figure 9 .  Input Cur ren t  of Second P a r t  of Ci rcu i t  as  
a Function of Input Voltage 
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The curves  at -50 C were obtained by multiplying a l l  p a r a m e t e r  
values by the i r  t empera tu re  coefficients and the t e m p e r a t u r e  change. 
The  t empera tu re  coefficients of the voltage s o u r c e s ,  i .  e . ,  t 1 2  and -6 
vol t s ,  w e r e  a s sumed  to be zero s ince  no o ther  information was  ava i l -  
ab l e .  
a t  the new t empera tu re  was  to  multiply the  values  used  for  maximum 
and minimum curves  by the product of the p a r a m e t e r  t e m p e r a t u r e  
coefficients and the change in t empera tu re .  The t empera tu re  co -  
efficients for  the t r ans i s to r  pa rame te r s  w e r e  obtained by assuming a 
s t ra ight  l ine approximation between the values  a t  25  C and minus 50 C. 

The procedure  used to obtain the maximum and minimum curves  

The r e su l t s  at -50 C include the effects of b ias  s tabi l izat ion due 
to  e m i t t e r  r e s i s t ances  and dc feedback s ince  the dc solutions were  
included in the calculat ions.  
the t r a n s i s t o r  b iases  can be seen by inspecting V C B  and V B E  on the 
pr int  out of the Envelope resul ts  of the first pa r t  of the c i r cu i t .  
should be noted that the VBE voltage is the ac  value only because  the 
value of the t r ans i s to r  b a r r i e r  potential  has  been subt rac ted  f r o m  the 
total  value.  

The effects of the t empera tu re  change on 

It 

The VBE and VCB values  a r e  the total  peak vol tages .  

The sum of the output cur ren ts  fo r  the f i r s t  and second p a r t s  of 
the c i r cu i t  can be obtained fo r  any input voltage by using the output 
voltage of the f i r s t  pa r t  a s  the input voltage to the second par t  of the 
c i r cu i t .  
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111. INPUT PARAMETER DATA 

1. INTRODUCTION 

In o rde r  to pe r fo rm the c i rcu i t  analysis n e c e s s a r y  information 
for  each input p a r a m e t e r  consists of: 

A. The nominal value 

B. The maximum and minimum tolerance 

C. The t e m p e r a t u r e  dependence of the p a r a m e t e r  

The n e c e s s a r y  input pa rame te r  information was  obtained f r o m  
Figure  1 , commerc ia l  specifications, component manufac turers ,  and 
Autonetics' component specialists.  

2. SOURCES O F  INPUT PARAMETER DATA 

2 . 1  Res is to r s  

The res i s tance  values were available f r o m  Figure  1 and tolerances 
w e r e  obtained verbal ly  f r o m  JPL.  
this  type of r e s i s to r  was obtained f r o m  an  Autonetics r e s i s to r  specialist .  

A typical t empera tu re  coefficient fo r  

2 . 2  Diodes 

A diode is represented  by a mul t i -pa rame te r  equivalent circuit .  
The diode dc equivalent circuit i s  obtained f r o m  the s ta t ic  cha rac t e r -  
i s t ics .  The broken curve in Figure 18 shows the V-I  charac te r i s t ics  
of a typical diode. 
by solid l ines)  have been made fo r  the curve  in F igure  18. 

Three  piecewise l inear  approximations ( represented  

The dc  equivalent circuit  suggested by the l inear  approximations 
is shown in F igu re  19. 
s t ra ight  l ine approximations and VD i s  the voltage intercept  of the 
s t ra ight  l ines  on the absc issa  of the curve. 

RD is the r ec ip roca l  of the slope of the 

The intersect ion of the s t ra ight  l ine approximations shown in 
F igure  18 a s  V i 2  and V23 represent  the voltage points a t  which the 
equivalent c i rcu i t  m u s t  change the p a r a m e t e r  values.  The computer  
automatically se lec ts  the cor rec t  value of RD and VD to be placed in 
the equivalent c i rcui t .  

111- 1 
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Figure 18. V-I Charac te r i s t ics  of a Typical Diode 

F igu re  19. Equivalent Circui t  Suggested by L inea r  Approximations 
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The typical capacitance of the  IN459A diode is 5pf'::. The  shunt 
capacity can be neglected in the ac equivalent c i r cu i t  f o r  a n  operat ing 
frequency of 2KC. 
the s a m e  a s  the dc equivalent c i r cu i t  shown in F i g u r e  19 with the voltage 
sou rce  VD removed.  

The ac equivalent c i r cu i t  f o r  the diode is the re fo re  

Input p a r a m e t e r s  necessary  f o r  the diode equivalent c i r cu i t s  a r e  
the re fo re  VD and RD. 
IN459A contains the nominal cha rac t e r i s t i c  curve  fo r  the diode and the 
t empera tu re  dependence. Continental Device Corporat ion supplied the 
to l e rances  of one point on the cu rve .  Since the to le rance  of only one 
point was  available,  it w a s  necessary  t o  a s s u m e  tha t  each point va r i ed  
by the s a m e  percentage in  order  to  pred ic t  the to le rance  on the input 
pa r  am ete  r s . 

The commerc ia l  specification sheet::: f o r  the 

2 . 3  T r a n s i s t o r s  

A t r ans i s to r  is a l so  represented  by a mul t i -pa rame te r  equivalent 
c i rcu i t .  
base -emi t t e r  VI charac te r i s t ics  of a typical  t r a n s i s t o r .  
approximations r ep resen ted  by sol id  l ines  have been made  fo r  t hese  
cu rves  in  the act ive region.  
t hese  cu rves  i s  shown in Figure 21. 
the l i nea r  approximation shown in F i g u r e  20(b) is hie  and the voltage 
in te rcept  of the s t ra ight  l ine on the a b s i c s s a  of the cu rve  r e p r e s e n t s  
V B ,  T h e  s lope of the l i nea r  approximation made  in F i g u r e  20(a) is 
hoe and the c u r r e n t  in te rcept ,  I ' c  of the s t r a i g h t  l ine on the ord ina te  
divided by I 'B ,  i s  equal to hFE. ICBO i s  the co l lec tor -base  leakage 
c u r r e n t .  The specification sheet f o r  the 2N708:::::: l i s t s  the min imum 
c u r r e n t  gain a s  3 a t  100 m c  and the col lector  base  capaci tance a s  6pf 
at VCB = 1OV. 
capac i t ies  and cutoff frequency may be neglected.  The ac equivalent 
c i r cu i t  is therefore  the same  a s  the dc equivalent c i rcu i t  shown in 
F i g u r e  21 with VB and ICBO removed.  However,  the s ta t ic  value of 
h F E  is rep laced  by the dynamic value,  hfe .  The necessa ry  input 
p a r a m e t e r s  fo r  the t r ans i s to r  a r e  therefore :  

The broken cu rves  in F i g u r e  2 0  show the co l l ec to r - emi t t e r  and 
L inea r  

The dc equivalent c i rcu i t  which r e p r e s e n t s  
The r ec ip roca l  of the s lope of 

At an operating f requency  of 2KC the t r a n s i s t o r  

hf e 

:::TI Commerc ia l  Spec Sheet 
.,< .b -#---Fairchild Commerc ia l  Spec.  Sheet  
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Figure 20. Collector - emi t t e r  and Base -emi t t e r  V-I  
Cha rac t e r i s t i c s  of Typical T rans i s to r  

oe  
h 

i e  
h 

'CBO 

Information n e c e s s a r y  f o r  hFE, hoe, and ICBO was  avai lable  
f r o m  the commerc ia l  specification:::. 
nominal  value and t empera tu re  dependence of VB; however,  the 
to le rances  were not available. 
es tab l i shed  to yield a marg in  of safety. 
c o m m e r c i a l  specification o r  through contact with the t r ans i s  t o r  
manufacturers .  

The specification contained the 

A to le rance  of 2 2 0  percen t  was 
hie  was not available f r o m  the 

An approximation was made  using the relat ion that 

p 

Fa i rch i ld  Commercial  Spec. Sheet 
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h. t vB i e  - 1 
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Figure  21. DC Equivalent Circuit  Representing Collector - 
emi t te r  and Base-emit ter  Charac te r i s t ics  

of Typical T rans i s to r  

(1 0 - oc 

h = r1  t ( l t h F E ) r e .  r is the emi t te r -base  diode forward  r e s i s t ance  
K T  

which i s  approximately equal to - f r o m  the idea l  diode equation. 
i e  b e 

qI, 
L1 

The value of IE was  obtained f r o m  a hand calculation of the emi t te r  
current .  
on h F E  into the equation. 

The tolerance of hie was  obtained by inser t ing  the tolerances 

Due to the l a rge  circui t  res i s tance  in  s e r i e s  with hie, the e r r o r  
introduced in  making the preceding approximation should be negligible. 
hfe  was  not l is ted on the specification sheet  due to the fac t  that the 
2N708 is a switching t ransis tor  and the p a r a m e t e r s  l i s ted  a r e  for  that 
application. The t r ans i s to r  manufacturers w e r e  contacted concerning 
this p a r a m e t e r  and w e r e  unable to supply the n e c e s s a r y  information. 
The approximation that the hfe is equal to h F E  was  therefore  
neces  s ary.  
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The following table presents  the input pa rame te r  da ta  used 
i n  the computer c i rcu i t  analysis. 
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IV. DC MANDEX WORST-CASE A JALYS S 

As p a r t  of the overal l  analysis,  a DC and AC MANDEX Worst  
Case Analysis was  performed on each p a r t  of the Log Compression 
Amplifier. 
t he re fo re ,  no explanation of the p r o g r a m  will be  given a t  this point. 

The MANDEX analysis is explained in detail  i n  Appendix I, 

Of p r i m e  concern in  the DC MANDEX analysis  was  the biasing of 
the diodes and t r ans i s to r s .  
c i rcu i t  depend upon symmetr ical  diode charac te r i s t ics  and theoretically 
t h e r e  should be 0 volts -dc across  the diodes. 
would cause a dc  offset of the charac te r i s t ics  which could r e su l t  in 
impropkr  c i r cu i t  operation. 

The compress ion  charac te r i s t ics  of this 

Any voltage appearing 

The r e su l t s  of the DC MANDEX analysis f o r  both p a r t s  of the 
This table includes only the node c i r cu i t  a r e  presented in Table 4. 

voltages which a r e  e i ther  diode o r  t r ans i s to r  b i a ses .  ::: 
voltage, the maximum,  nominal, and minimum values to ground a r e  
presented.  

For each bias  

The diodes a r e  connected to  the bases  of t r a n s i s t o r s  1, 3, 5, 7 ,  
9,  11, and 13. It can  be noticed that the dc b i a ses  a r e  negative. The 
g r e a t e s t  negative value ( the minimum) which appea r s  i s  f o r  the diodes 
connected to the base  of t r ans i s to r  -t5, Q246 and i s  - 0 .  109 vol ts .  The 
diodes used i n  th i s  c i r cu i t  do not s t a r t  turning on until a b i a s  of approxi-  
mately 0 .  56 volts anode to  cathode i s  present .  However, this  offset 
m a y  be enough to  d is tor t  the compress ion  c h a r a c t e r i s t i c s .  
r emembered  that this i s  the wors t  c a s e  condition that might occur ,  not 
the probable one. -4t nominal conditions, the dc offset of the diodes i s  
between - 0 .  057 and -0 .  043 volts, which should not d i s turb  c i r cu i t  
ope ration a t  all. 

I t  should be 

The voltages presented i n  Table 4 a r e  the node voltages of the 
c i r cu i t  with re ference  to  ground. 
t r a n s i s t o r  bias  voltages VBE and VCB.  These values have been 
extracted f r o m  Table 4 and presented i n  Table 5 f o r  convenience.  
These  a r e  the nominal voltages only. 
VBE should not be obtained by subtracting minimum emi t t e r  voltage 
f r o m  the maximum base voltage. This  will yield e r roneous  r e su l t s  

It w a s  of i n t e r e s t  to  investigate the 

It should be noted tha t  maximum 

+Since the diodes a r e  connected between the base  of some of the 
t r a n s i s t o r s  and ground, only t r ans i s to r  voltages appear  in  the tab le .  
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.803  

.692 

Table 5. 

5 .932 

5.389 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

.782 

. 692 

.782 

EM 1063-7 

Nominal Transis tor  Bias  Voltage V and V ( in  vol t s )  
B E  CB 

6.  194 

5.328 

6.246 

VBE 

.693 

.781 

VCB 

~ ~ _ _ _ _ _  

5. 166 

6.404 

.692 

.692  

.782 

5.424 

5. 191 

6.379 

6. 110 I . 7 8 3  

.785  

.690  5. 598 I 

6.661 

.693 I 5 .384 

I 

because  i t  i s  not possible t o  physically r ea l i ze  both of the a f o r e -  
mentioned conditions simultaneously. 
f r o m  

A check of the b i a ses  de te rmined  

VB (MAX) - VE (MAX) and V (MAX) - V B  (MAX) , C 

as  well  as  

VB (MIN) - VE (MIN) and V c  (MIN) - VB (MIN), 

0 
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indicate that there i s  no danger  of p a r a m e t e r  d r i f t  causing unallowable 
t r ans i s to r  bias voltages.  

Power  dissipations can be included a s  output var iab les  in the 
MANDEX Program.  However,  since the re  was  no in t e re s t  in these 
values at J P L ,  they w e r e  omitted.  If i t  i s  des i r ed  to de t e rmine  these 
values some time in  the fu tu re ,  the values of the node vo::ages and the 
impedances which have been presented a r e  sufficient to de t e rmine  any 
power of in te res t .  

Overall,  the dc stabil i ty of the c i rcu i t  f r o m  w o r s t  c a s e  minimum 
to w o r s t  case maximum i s  acceptable.  

IV  -4 
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N OM I N-4 L 

MINIMUM 

V .  AC MANDEX 

.069 - .  186 

.035 - .  412 

A hlANDEX AC Analysis was run  on each of the two p a r t s  of the 
LCA. 
pa rame te r  values of the input parameter  for  wors t  c a s e  Envelope 
analysis  of load c u r r e n t s  IL1, IL2, IL3, and IL4. However, a s  a by- 
product of these runs ,  wors t  case high and low values of these c u r r e n t s  
w e r e  calculated.  These values were  calculated with 0 .  1 volts applied 
to each input. 

The p r i m a r y  reason  fo r  these runs w a s  to obtain the wors t  c a s e  

MAXI MUM . 140 

N OM I N,4 L . 084  

MINIMUM .040 

and I in Mill iamps f o r  0 .  1 Volt Input IL  1 L2 
Table 6. 

- .  093 

- .  291 

- .  621 

IL  1 IL2 

I M-4XIMUM I * 115 I - .062 I 

and I Table 7 .  IL3 in Milliamps f o r  0 ,  1 Volt Input 
L4  

F r o m  the AC MANDEX resu l t s  i t  was  seen  that the wors t - case  
pa rame te r  values f o r  1 ~ 1  minimum were  in m o s t  c a s e s  the same  a s  
those for  1 ~ 2  maximum. 
maximum and 1 ~ 2  minimum and the cu r ren t s  of p a r t  two. 
implies  that a wors t  c a s e  minimum f o r  1 ~ 1  occur s  a t  a lmost  the same  
time a wors t  c a s e  maximum 1 ~ 2  occurs.  F r o m  Table 6 we  can d e t e r -  
mine  the nominal, maximum,  and minimum values of the s u m  of the 
magnitudes of IL1 and IL2. These s u m s  a r e  respect ively 0. 255 milli- 
amps ,  0. 527 mil l iamps,  and 0. 097 mil l iamps.  This i s  a variation high 

The same relationship a l s o  holds f o r  1 ~ 1  
This 

::: The magnitudes can be added since the cu r ren t s  feed into opposite 
ends of a center  topped t ransformer .  
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by a factor  of 2. 1 and a variation low by a factor  of 1 / 2  .6. 
input to both pa r t s  of the c i rcu i t  was . 1 volt the magnitudes of a l l  four 
cu r ren t s  cannot be added. However, when summed under proper  input 
voltages the variations f r o m  nominal cannot help but be w o r s e  than the 
above indicates. 

Since the 

The AC MANDEX resu l t s  a l so  show that the change in  hfe  of 
t r ans i s to r s  Q242 and Q247 contributed 32 and 3 3  percent ,  respec t ive ly .  
to the change in  I L ~  a t  wors t  c a s e  maximum p a r a m e t e r  values and 
2 4  and 35 percent,  respect ively,  a t  wors t  c a s e  minimum p a r a m e t e r  
values. The hfe of t r ans i s to r s  Q242, C244,  and Q247 contributed 
18, 16, and 16 percent ,  respec t ive ly ,  to the change i n I ~ 2  a t  w o r s t  
c a s e  maximum p a r a m e t e r  values and 24, 21, and 22 percent ,  r e s p e c -  
tively, a t  worst  c a s e  minimum p a r a m e t e r  values. 

The same resu l t s  hold f o r  IL3 and IL4 of p a r t  2 where  ILs 
behaves s imi la r  to 1 ~ 1  and IL4 s imi l a r  to IL2. 
Q252 and Q254 contribute 30 and 32 percent ,  respect ively,  to the 
change in IL3  a t  worst-case maximum p a r a m e t e r  values and 22 and 
23 percent ,  respectively,  a t  wors t - case  minimum p a r a m e t e r  values.  
hfe of t rans is tors  Q252, Q254 and Q257 contribute 17, 16, and 1 3  p e r -  
cent,  respec t ive ly ,  to the change i n  IL4 at w o r s t  case maximum 
p a r a m e t e r  values and 23,  22 ,  and 16 percent ,  respect ively,  i i t  wors t  
c a s e  minimum p a r a m e t e r  values.  

hfe of t r ans i s to r s  

If i t  i s  des i red  that this c i rcu i t  opera te  under  wors t - case  con- 
ditions and the above-mentioned var ia t ions of c u r r e n t  a r e  n o t  accept - 
able,  then a t rans is tor  with t ighter specification on hie must  be used. 
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VI ,  DESCRIPTION OF THE O U T P U T  O F  ENVELOPE 

Figure  22 is a l i s t  of c i rcui t  information which is pertinent to the 
routine. 
en t s  pe r  active element.  
p a r a m e t e r s  a t  nominal, minimum, and maximum values. 

Lines  3 and 4 give the number of equivalent c i r cu i t  compon- 
Figures  23 through 25 is a list of the fixed 

F igu re  26 is a l i s t  of the var iable  input p a r a m e t e r  information. 
When analyzing the Log Compression Amplifier,  the input voltage to  
each  half of the c i rcu i t  was varied. The l i s t  indicates that the input 
a c  voltage, ENAC, was varied f r o m  -2. 5 volts to 2. 5 volts in 20 
s teps .  

F i g u r e  27 is a l i s t  of maximum, minimum, and nominal values 
of the diode p a r a m e t e r s  in three possible s ta tes .  The cutoff p a r a -  
m e t e r s  a r e  the values of the diode p a r a m e t e r s  on the high res i s tance  
and low cu r ren t  portions of the diode curves .  The sa tura ted  p a r a -  
m e t e r s  a r e  those of the low resis tance,  high c u r r e n t  portion of the 
diode curve.  
tion of the diode curve between the high and low portions. 

The active pa rame te r s  r ep resen t  the diode on the po r -  

F igu re  28 is the f i r s t  page of the output solution data. It indicates 
which input var iable  is being var ied and which output is being plotted 
and whether the plot is a maximum, minimum, o r  nominal plot. 
F igu res  29, 30,  and 31 give the value of the input var iable ,  ENL4C, a t  
which the diode changed s ta te  and a l so  gives the s t a t e s  of the diodes 
a f t e r  the change. F igure  28  shows that a t  the s tar t  (with ENAC = -2. 5 
vol ts)  diodes 1 ,  4,  5, and 8 were cutoff and diodes 2, 3 ,  6 ,  and 7 were  
saturated.  At ENAC = -2 .  0 volts, some of the diodes changed s ta te  
and diodes 1,  4 ,  5, and 8 a r e  cutoff while 2 i s  active and 3 ,  6 ,  and 7 
a r e  saturated.  

F igure  29  gives m o r e  of the same  information. The s a m e  i s  
t r u e  f o r  the first p a r t  of Figure 30. 
the var iable  input, ENAC, a t  which no s ta te  could be found. An 
explanation of this occurrence will be given l a t e r  in this  section. 

The l a s t  p a r t  gives the values  of 

F igure  31 is a listing of the output solutions at  each point through 
which the var iable  input parameter ,  ENAC, i s  varied.  Coliimn two is 
s t a r r e d  to  indicate that i t  contains the output which is being plotted and 
a l s o  is the one being tes ted f o r  wors t  ca se  i f  a wors t  ca se  t e s t  i s  
r e  quir  ed. 
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EM 1063-7 

Due to the la rge  number of input p a r a m e t e r s  on the log coin- 
p re s s ion  amplifier i t  was n e c e s s a r y  to break the c i r cu i t  into two pa r t s .  
To  compensate f o r  this break ,  the output impedance of the f i r s t  p a r t  
was calculated and used  a s  a n  input to the second p a r t  and the input 
impedance of the second p a r t  was calculated and  used  as a load on the 
f i r s t  par t .  

To check the loading effect of the second p a r t  on the f i r s t  pa r t ,  
loads varying f r o m  4 K  ohms to open c i rcu i t  w e r e  put in pa ra l l e l  with 

R59 1 . In no case  was the change in  1 ~ 1  o r  IL2 m o r e  than 0. 3 percent .  

Using the Envelope 7094 Computer P r o g r a m ,  each of the four  
output cur ren ts  were  calculated with the input p a r a m e t e r s  s e t  at 
nominal and at  both wors t  ca se  minimum and w o r s t  c a s e  max imum 
values  with respec t  to each output cu r ren t .  
made  a t  temperature  set t ings of 25 C and -50 C. 

These  calculations were  

The first  p a r t  of the c i r cu i t  was analyzed by varying the input 
a c  voltage from -2.  5 volts to 2. 5 volts in 20 s t eps .  
p a r a m e t e r s  se t  a t  the nominal 25 C values,  IL1, the f i r s t  load c u r r e n t  
va r i ed  f r o m  -0 .  504 m a  to 0. 429 m a .  
F i g u r e  3 0 .  It should be noted in  this  f igure that  t he re  were  th ree  
points of input voltage,  ENAC, a t  which no solutions were  found. The 
f i r s t  point, -1. 0 volts,  has  no solution because the diode voltage of 
one o r  m o r e  of the diodes were such a s  to place the diodes in  a t r a n -  
s i t ion region. This is to s a y ,  with the diodes in one s t a t e ,  the node 
voltage solutions indicate a different  s ta te .  When this s ta te  i s  t r ied ,  
the solution indicates the previous s ta te .  
l i nea r  approximations of cu rves ,  a n  occur rence  such a s  this  i s  always 
possible .  
different  reason. 
the l i s t  which the ana lys t  gives it. The c o r r e c t  diode s t a t e s  f o r  these 
two points were not in  the l is t ,  and therefore  no solutions were  found. 

With the input 

These  values  were  obtained f r o m  

When using piecewise 

The other  two points of no solution a r e  caused fo r  a 
The envelope routine can  only t r y  to use  s t a t e s  in 

Figure 3 5  i s  the output solution data  with the input p a r a m e t e r s  
s e t  to give a wors t  c a s e  maximum solution of load c u r r e n t  on IL1. As 
expected, the magnitude of IL1 dr i f ted high, With a -2 .  5 volts input 
the nominal value of IL1 was -0.  504 m a  while a t  w o r s t  c a s e  maximum 
IL1 was -0.610 ma .  
input pa rame te r s  s e t  to  give a wors t  c a s e  min imum solution. 
points a t  which no solutions were  found a r e  due to the r easons  
previous 1 y de s c r ibe d. 

F i g u r e  40 is the output solution data  with the 
The 
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Resul ts  f r o m  the analysis  a t  wors t  c a s e  minimum p a r a m e t e r  
values  f o r  IL1 show that  the gain of the f i r s t  s tage d rops  off enough so  
that  the th i rd  diode t r i e s  to go o u t  of the sa tura ted  region into the 
act ive region before the second diode does.  F r o m  those points a t  
which a solution was found, i t  can be seen  that the c u r r e n t  IL1 did d r o p  
in  value with r e spec t  to the nominal run. The individual plots of load 
c u r r e n t  1,  IL1 vs  input voltage ENAC at 25 C f o r  nominal, maximum 
and minimum values  of IL1 a r e  shown in F igu res  39, 40 ,  and 41. 

The s a m e  re su l t s  obtained with the p a r a m e t e r s  s e t  a t  t he i r  25 C 
values  were  obtained with the p a r a m e t e r s  s e t  at the i r  -50 C values  with 
r e spec t  to the shape of the curves of IL1 vs  ENAC. 
c u r v e s  of 1L1 v s  ENAC at 25 C and -50 C were  v e r y  nea r ly  the s a m e  
in magnitude. The w o r s t  c a s e  maximum curve  a t  -50 C swung about 
as  far away from the w o r s t  case  maximum curve  as  25 C swung away 
from the 25 C nominal curve.  The output r e su l t s  f o r  the -50 C runs ,  
with r e spec t  to  IL1, a r e  shown in F i g u r e s  42 through 53. 
individual cu rves  of IL1 v s  ENAC at -50 C f o r  nominal, maximum,  and 
minimum values  of IL1 a r e  shown in F igu res  54, 55, and 56. 

The nominal 

The 
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VII, TEMPERATURE ANALYSIS 

-4n ana lys i s  of the fluctuations in  the output c u r r e n t  a s  a function 
of t empera tu re  was conducted f o r  the  Log Compress ion  -4mplifier. 
The var ious  phases  of the analysis will be descr ibed  f i r s t  in  this 
sect ion,  followed by the resul ts  a n d / o r  any per t inent  information 
uncovered. 

F o r  e a s e  of following the var ious  phases  and for  continuity, the 
These  a r e  ove ra l l  p rog ram has  been broken down into seven phases .  

de sc r ibed  below: 

-4. Phase  One 

The m a t r i x  equation of the  c i rcu i t  and the solutions a t  25 C 
a r e  presented  first .  This  provides  a b a s i s  for  compar ison  
with the o ther  phases  of the analysis .  

B. P h a s e  Two 

In the second phase ,  the pa r t i a l  der iva t ives  of all output 
va r i ab le s  with respect  to each of the input p a r a m e t e r s  a r e  
calculated.  This  i s  the s a m e  procedure  that i s  used  i n  the 
MANDEX Wors t - case  ana lys i s .  
incremented ,  i n  one percent  s teps ,  1.4 percent  about its 
mean  value. *4t each s tep,  the m a t r i x  equation i s  solved 
and the values of the output va r i ab le s  de te rmined .  
values  a r e  substituted into an eight-point cen t r a l  der ivat ive 
formula  which i s  then evaluated, yielding the d e s i r e d  p a r -  
tial der ivat ives .  

Each  input p a r a m e t e r  i s  

These 

C. Phase  Three  

It i s  possible  to determine the der ivat ive of any output v a r i -  
able with r e spec t  t o  tempera ture  i n  s e v e r a l  ways.  
phase of the ana lys i s ,  the following formula  was  used :  

In th i s  

d OVx a O V  aPi 

i = l  

X 

d T  

VII -  I 
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where 

Pi is input p a r a m e t e r  i 

n i s  the number of input p a r a m e t e r s  

O V  is output var iab le  x. 
X 

It should be noted that the f i r s t  t e r m  a f t e r  the summation 
sign i s  the pa r t i a l  der ivat ive calculated i n  P h a s e  2. The 
second t e r m  af te r  the summation sign, the pa r t i a l  of the 
input p a r a m e t e r  with r e spec t  to t empera tu re ,  is  m e r e l y  the 
tempera ture  coefficient of the p a r t  multiplied by the m e a n  
value of the pa r t .  That is; 

Since the t empera tu re  coefficient and the nominal va lues  of 
the p a r a m e t e r  a r e  input data ,  and the pa r t i a l  of the output 
variable with r e spec t  to the input p a r a m e t e r  has  been ca lcu-  
lated in  Phase  2 ,  i t  i s  possible  to  evaluate  the summation 
and de termine  the requi red  der ivat ive.  In  addition to this  
derivative i t  might  be of i n t e r e s t  to know which t e r m s  
contributed the m o s t  i n  this  summation.  F o r  th i s  reason ,  
the percentage contribution of the individual t e r m s  was  
calculated and pr inted out. The expres s ion  fo r  this  is: 

ap ' j l j  
th j 70 contribution of j- t e r m  = - 

D. Phase Four  

Since the ove ra l l  ana lys i s  of t h i s  c i r cu i t  i s  concerned  d i rec t ly  
with t e m p e r a t u r e  effects ,  each input p a r t  p a r a m e t e r  h a s  been 
expressed  a s  a function of i t s  t e m p e r a t u r e  coefficient and 
ambient t empera tu re .  The genera l ized  f o r m  is :  

P a r a m e t e r  Value = P o  t $ P o  ( T  - 25")  

VI1 - 2 
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where 

P o i s  the pa rame te r  value @ 25"  C and 

T = ambient temperature .  

It is  possible to calculate the derivative of the output c u r -  
ren t  with respec t  to t e m p e r a t u r e  direct ly  by using the above 
relationship of temperature  and p a r a m e t e r  values ,  a s  has  
been done in  this  phase. 
s a m e  a s  that presented in  P h a s e  2 except that  the only 
p a r a m e t e r  incremented he re  is  tempera ture .  
increment  of temperature ,  new input p a r a m e t e r  values w e r e  
de te rmined  and using these new values  in  the m a t r i x  equa- 
tion, a new se t  of output var iable  values was  determined.  
The t e m p e r a t u r e  was incremented  eight t i m e s  and once again 
the eighbpoint central  derivative fo rmula  was used, this t ime 
yielding the desired der ivat ive direct ly .  

The procedure  i s  basically the 

At each 

E. P h a s e  Five 

The equation presented i n  P h a s e  3 is  used  i n  this  phase also.  
In th i s  section, the individual t e r m s  of the summat ion  1 cv B i  Pi a r e  multiplied by the change in aPi 
t empera tu re  to give the change in  output var iab les  that 
would resu l t .  
of -75 degrees  and the following product i s  computed and 
printed out: 

Initially, t empera tu re  is se t  to -50 o r  a AT 

BiPi AT X 
a ov 

X 
a ov 

AOVJ = -Bi Pi ( T  - 25) = - a Pi a Pi 
I 

where  

AOV I equals the change in  output var iab le ,  x,  due to 
X 

i input p a r a m e t e r  i. 

After each t e r m  in  the summat ion  has  been evaluated in  the 
above manner  , the individual inc r ement  s of the output 
var iable  a r e  summed to present  the total expected change 
in the output variable. 
for  each output variable of the circui t .  

This s a m e  p rocedure  is followed 

VII-3 
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F. P h a s e  Six 

Since the p a r a m e t e r  values have been specified as a function 
of temperature  ( s e e  P h a s e  4), the value of t e m p e r a t u r e  is  
se t  to -50 degrees  and new p a r a m e t e r  values  calculated.  
These new values a r e  substi tuted into the matrix equation 
which is then solved and the solutions, along with the matrix, 
printed out at th i s  poipt. 

G. Phase  Seven 

The total change in  each output var iable  between 25 and -50 C 
is n o w  computed. 
the value of the output var iable  obtained in  P h a s e  1 f r o m  the 
value of the s a m e  output var iable  obtained in  P h a s e  6. F o r  
a check on the l inear i ty  of the c i rcu i t  with r e spec t  to 
tempera ture ,  this  change may  be compared  with the change 
calculated in  P h a s e  5.  

This value is a r r i v e d  a t  by subtracting 

Phases  5, 6 ,  and 7 a r e  ther, repeated f o r  0 and t 5 0  degrees  
completing the analysis.  

The thermal  analysis was conducted on the f i r s t  pa r t  of the log 
The en t i re  c i rcu i t  could not be s imulated on compress ion  amplifier.  

the computer  because the number of p a r a m e t e r s  involved exceeded the 
maximum allowable l imit  fo r  the p r o g r a m .  The re fo re ,  only that  s eg -  
men t  of the circuit  which appears  in F igu re  5 was  analyzed. 
r e su l t s  of this  analysis can be t rans la ted  to the second s tage of the 
c i r cu i t  to determine the ove ra l l  effect of t e m p e r a t u r e  on the c i rcu i t .  

The 

The first par t  of the c i rcu i t  was  analyzed at the following t e m p e r -  
a tu re s :  25 C,  0 C ,  -50 C ,  and t 5 0  C. The ac operation of the c i rcu i t  
was  used during this analysis  and the input voltage was  set at 0 . 1  volts.  
Th i s  input signal s e t  up the following conditions fo r  the fou r  diode-pair  
s tages .  The  f i r s t  and second s tages  off, th i rd  s tage par t ia l ly  on, and 
the fourth stage fully on. T h e r e  w e r e  75 input p a r a m e t e r s  and 22  out- 
put var iab les  in this  analysis .  
in  Table  8 .  P a r a m e t e r s  26 and 27, RL1 and RL2,  r ep resen t  the output 
load impedance and have been se t  equal to 100 ohms.  
r ep resen t  diode res i s tance  and the DVF t e r m s  r ep resen t  diode voltages 
(the diode voltages a r e  equal to 0 in  ac operation).  
which have Q as the f i r s t  l e t t e r  a r e  t r ans i s to r  p a r a m e t e r s .  
output var iables ,  1 through 19 a r e  the node vol tages ,  20 is IL1, the 
c u r r e n t  through R L l ,  21 is IL2, the c u r r e n t  through RL2, and 

A l ist ing of the input p a r a m e t e r s  appears  

The DRF t e r m s  

All input p a r a m e t e r s  
Of the 22 

VI1 -4 



Symbol No. 

RIN 
R556 
R557 
R559 
R56 1 
R562 
R563 
R564 
R566 
R567 
R568 
R569 
R572 
R573 
R574 
R577 
R578 
R579 
R58 1 
R582 
R583 
R584 
R586 
R587 
R59 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

EM 1063-7 

Table 8. Input P a r a m e t e r s  

Symbol No. 

RL 1 26 
RL2 27 
DRFOOl 28 
DRF003 29 
DRF005 30 
DRF007 31 
EINAL 32 
DVFOOl 33 
DVF002 34 
DVF003 35 
DVF004 36 
DVF005 37 
DVF006 38 
DVF007 39 
DVF008 40 
QHIEOl 41 
QHIEO2 42 
QHIE03 43 
QHIE04 44 
QHIE05 45 
QHIE06 46 
QHIE07 47 
QHIE08 48 
QVBEOl 49 
QVBEO2 50 

Symbol No. 

QVBEO3 51 
QVBE04 52 
QVBEO5 53 
QVBE06 54 
QVBE07 55 
QVBE08 56 
QHOEOl 57 
QHOEO2 58 
QHOE03 59 
QHOE04 60 
QHOEO5 61 
QHOE06 62 
QHOE07 63 
QHOE08 64 
QHFEOl 65 
QHFEO2 66 
QHFEO3 67 
QHFE04 68 
QHFE05 69 
QHFE06 70 
QHFE07 71  
QHFE08 72 
DRF006 73 
DRF008 74 
TEMP 75 

22 is designated VOUT and represents  the voltage input to the second 
half of the circuit .  (VOUT is equivalent to node 17. ) 

Figures  57 and 58 present  the nominal  matrix o r  the m a t r i x  equa- 
tion a t  25 C and the solutions for all 22 output var iables  a t  these conditions. 
I t  should be noted that the two output var iables  of g rea t e s t  in te res t ,  IL1 
and IL2, a r e  equal to 0. 072 ma and -0.262 ma, respec t ive ly .  

P h a s e  3 of the analysis was the computation of the pa r t i a l  de r iv -  
a t ive of all output var iables  with r e spec t  to t empera tu re  using the 
fo rmula  descr ibed  under phase th ree  (para .  C ) .  It should be noted that 
this fo rmula  i s  only an approximation of the t rue  derivative.  
value of the par t ia l  derivative r ema ins  constant r ega rd le s s  of the va r i a -  
tions of other  input pa rame te r s ,  this fo rmula i s  not exact. 
evaluation of the derivatives in this  manner  i s  ex t remely  beneficial because  
it presents  away  to de te rmine  the sensit ivityof the derivative with r e spec t  

Unless the 

However,  the 

VI1 - 5 
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to each input parameter .  This will  be clarified by r e f e r r i n g  to 
F igu res  57 and 58. 

F i g u r e s  59, 60, 61, and 62 show the computer pr in t  out for  the 
computation made on IL1. The f i r s t  number  presented  in F igu re  59 is 
the der iva t ive  of IL1 with r e s p e c t  to t empera tu re  and is equal to 0. 124 
pA/"C.  
t e r m s  divided by the summation. 
s ince  some  of the t e r m s  a r e  positive and o the r s  negative,  the a r i t h -  
me t i c  summation is considerably different f r o m  the absolute value 
summation and seemingly e r roneous  resu l t s  occur .  F o r  example,  i t  
can  be noted that input p a r a m e t e r s  65, 66, 67, and 68 contr ibute  22 p e r -  
cent, 73 percent,  22 percent ,  and 65 percent ,  r e spec t ive ly ,  to the 
total value of the derivative.  
to be in  e r r o r .  
tive terms which introduce a negative percentage  which will reduce the 
summation of the percentages  to exactly 100. 
68 a r e  the gains of the f i r s t  four  t r ans i s to r s  and a r e  by far the mos t  
influential factors on the output c u r r e n t  variation. 

The remainder  of the f igures  depict  the values of the individual 
It should be noted a t  this point that 

This is a total of 182 pe rcen t  and s e e m s  
The resu l t s  a r e  valid, however,  because of the nega-  

P a r a m e t e r s  65 through 

The derivative of IL2, with r e spec t  to t empera tu re ,  is shown in  

The ma jo r  

I t  can be noted f r o m  these  f igures  

F igu res  63, 64, 65, and 66 ati -0 .433 /.L A/"C'which was  expected s ince  
there  is one amplification s tage separa t ing  IL1 and IL2. 
factor  in this derivative i s  p a r a m e t e r  70, the gain of t r ans i s to r  6, 
which appea r s  in the third stage. 
that the value fo r  this individual t e r m  i s  104 pe rcen t  of the total, 
which means  that p a r a m e t e r  70 would tend to cause  g r e a t e r  fluctuation 
in  IL2 than is obtained, but the ma jo r i ty  of the o ther  p a r a m e t e r s  have 
the tendency to c o r r e c t  fo r  this fluctuation. 

Since i t  is recognized that the formula  used i s  only an approxi-  
mation, the derivative of the output var iables ,  with r e spec t  to t e m p e r -  
a ture ,  was  determined d i rec t ly  using the eight-point cen t ra l  der iva t ive  
formula .  The values de te rmined  d i rec t ly  a r e  0. 154 p+4/ O C fo r  I L l  and 
-1. 2 5 p A l " C  for IL2. 
IL1 t e r m s  indicates that there  a r e  ve ry  l i t t le  higher  o r d e r  effects 
influencing this. F o r  IL2, however,  there  is a factor  of t h ree  differ-  
ence between the two values which indicates that the higher  o r d e r  
effects influencing IL2 cannot be neglected.  

The c lose  cor re la t ion  ( s e e  Table 5) between 
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D E R I V A I I \ I E  OF OUTPUT 

PERCENT C O N T R I B U T I O N  OF 

PERCENT C C N T R I B U T I  ON OF 

PERCENT C C N T R I B U T I O N  OF 

PERCENT C O N T R I B U T I  ON OF 

PERCENT C O N T R I B U T I O N  OF 

PERCENT C O N T R I R L T I  ON OF 

PERCENT C O N T R I 8 C ; T I  ON OF 

PERCENT C O N T K I O U T I  ON OF 

PERCENT C C N T R I B U T I O N  OF 

PERCENT C C N T R I B U T I O N  OF 

PERCENT C O N T R X B L T I O N  OF 

PERCENT C O N T R I B U T I O N  OF 

PERCENT C C N T R t 8 U T I  ON OF 

PERCENT C O N T R I B U T I  ON OF 

PERCENT C O N T R I B U T I  ON OF 

P€RCENT C O N l R I B U T I a N  OF 

PERCENT C O N T R I B U T I O N  OF 

PERCENT C O N T R I B b T I  ON OF 

PERCENT C O N T R I B U T I O N  OF 

PERC€NT C C N T R I B U T I  ON OF 

V A R I A B L E  hO = 23- t . 1 2 3 7 P 3 E - 3 0  

INPUT PARAMETER = 1= -0.34978GE-GG 

I h P U T  PARAMETER = 2= - 0 . 1 2 3 6 0 3 E  01 

INPUT PARAMETER = 3= - 0 . 3 6 6 2 6 9 6  01 

INPUT PARAMETER = 4= t o 2 6 4 5 6 1 E  01 

INPUT PARAMETER = 5 =  C . 6 7 5 9 6 3 E  01 

INPUT PARAMETER = 6= - 0 . 8 4 3 8 7 4 E  (31 

INPUT PARAMETER = 7= C . 6 9 1 6 6 2 E  0 0  

INPUT PARAMETER = 8 =  4.*.861106E 00 

IFiPUT PARAPETER = 9= - 0 . 3 4 8 8 9 9 E  0 1  

INPUT PARAMETER = 13= i i .286104E 0 1  

XNPUT PARAMETER = 11s S. lC5800E 01 

INPUT PARAMETER = 12= - 0 o 8 4 9 9 8 4 E  (31 

INPUT PARAMETER = 13= -Cf .918837€ C 1  

INPUT PARAMETER = 14= G . 9 0 2 9 3 4 E  00 

INPUT PARAMETER = 15- b . 2 3 7 2 3 8 t - 0 C  

lNPUT PARAMETER = 16s 0 . 4 5 6 1 4 1 E - 0 1  

INPUT PARbMETER = 17= C.536222E-01 

INPUT PPRbMETER = 18= - Q 0 6 8 7 1 5 1 E - 0 1  

INPUT PARAMETER = 19= -C . 6 9 6 9 0 4 € - 0 1  

INPUT PARAMETER = 2C= C . 6 7 7 3 6 4 E - C 2  

VI1 - 9 

a, 
ti 
5 
rd 
c, 

0 m 
cu 
k 
5 
M 

iz 



EM 1063-7 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER 21= O 0 R 8 1 4 2 2 E - 0 2  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 2 2 s  4 , 2 6 9 7 5 7 E - 0 4  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 23- 0 .  

PERCENT C C N T R I B U T I  BN OF I N P U T  

PERCENT C O N T R I B U T I O N  OF I N P U T  

PERCENT C O N T R I B U T I O N  OF I N P U T  

PERCENT C O N T R I B U T I O N  OF I k P U T  

PERCENT C O N T R I B U T I O N  OF I N P U T  

PERCENT C O N T R I B C T I  ON OF I N P U T  

PERCENT C O N T R I B U T I  aN OF I N P U T  

PERCENT C C N T R I f 3 U T I a N  OF I N P U T  

PARAMETER = 24= 

PARAMETER = 25= 

PARAMETER = 26= 

PARbMETER = 27= 

PARAMETER = 28= 

PARAMETER = 29= 

PARAMETER = 305 

PARAMETER = 3 1 1  

c 
- 0 m 2 4 3 3 2 4 E - 0 5  * 

u Q o  Y 

Q) 

-e 0 2 0 4 3 4 2 ~ - 0 0  5 

2 
Id 
k 0 o 8 2 6 4 1 0 E - 0 1  Q, 

- 0 0 1 9 7 5 3 2 E  0 2  
E-r 

- 5 0 2 1 3 6 2 4 E  0 2  2 

- 0 0 9 2 1 7 0 7 E  00 9) 

- 0 0 8 6 4 6 2 4 E - 0 4  crt 

c, u 
PI 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER 32s 00 9 
I; 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER * 3 3 ~  00 r( 

I4 
PERCENT C C N T R I B U T I O N  OF I h P U T  PARAMETER = 34s  00 

H 
w 
0 

PERCENT C O N T R I B G T I O N  OF I N P U T  PARAMETER = 35- 00 

PERCENT C O N T R I B L T I O N  OF I N P U T  PARAMETER = 3 6 ~  00 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 3 7 ~  00 

d PERCENT C C N T R I B U T I B N  OF I N P U T  PARAMETER = 3 8 =  0 .  9 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 39- 00 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 40= 00 

PERCENT C O N T R I B U T I O N  (1F I N P U T  PARAMETER = 41= - C 0 6 9 C i 3 6 3 E  0 1  

Q, 

M 
2 
.rl 

61 

PERCENT C O N T R I B U T I O N  OF IFiPUT PARAMETER = 4 2 =  0 G m 7 7 4 0 5 6 E  C 1  
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PERCENT C G N T R I B U T I O N  OF INPUT PARAMETER = 43= -0.695486E 01 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 44= - C 0 6 8 9 U 3 2 E  0 1  

PERCENT C C N T R I B U T I  ON QF INPUT PARPMETER = 4 5 =  - 0 0 6 1 7 9 3 5 E - 0 1  - 
c, PERCENT C O N T R I B b T I O N  OF I N P U T  PARAMETER = 46= - 3 . 7 5 2 9 8 1 E - 0 1  
u 

PERCENT C O N T R I B U T I O N  (3F I N P U T  PARAMETER = 47= 0 , 1 9 3 ~ 6 6 E - C 3  - 
a, 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 48= 0. 

PERCENT C C N T R I B b T I O N  OF I N P U T  PARAMETER = 49= -0 .  

PERCENT C C N T R I B b T l a N  OF I N P U T  PARAMETER = SO= -0. 

k 
=1 
c, 
(d 
k 
a, 

2 Q) 

b 
0 

c, u 
a, 

[I) 

PERCENT C O N T R I B L T I O N  OF I N P U T  PARAMETER = 5 1 =  -to c, 

PERCENT C Q N T R I D U T I O N  OF I N P U T  PARAMETER = 5 2 =  -6 .  PI 

PERCENT C O N T R I B L T I ( 3 N  OF I N P U T  PARAMETER = 53= -0 .  2 
5 
5 PERCENT C O N T R I B L T I a N  OF I N P U T  PARAMETER = 54= - G o  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 55= -G. 

PERCENT C C N T R I B U T I O N  OF INPUT PARAPETER = 5 6 =  - L o  

PERCENT C O N T R I B L T I O N  OF I N P U T  PARAMETER = 57= 0. 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 58- 0 ,  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 59= C ,  

PERCENT C C N T R I B U T I O N  OF I h P U T  PARPMETER = 60= G o  

PERCENT C O N T R I B L ’ T I O N  OF I N P U T  PARAMETER = 6 1 =  C o  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARPMETER = 6 2 =  Q. 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 63= 0 0  

PERCENT C O N T R I B L T I O N  OF I N P U T  PARAMETER = 64= 0. 
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P A R T I A L  D E R I V A T I V E  OF OUTPUT V A R I A B L E  h O  = 21= 

PERCENT C C N T R I B U T I O N  OF IKPUT PARAPETER = 

PERCENT C C N T R I B U T I O N  OF INPUT PARAMETER = 

PERCENT C O N T R I B L T I  ON OF INPUT PARAMETER = 

PERCENT C C N T R I B U T I  ON OF I h P U T  PARAMETER = 

PERCENT C C N T R I B U T I  Oh OF I N P U T  PARAIUIETER = 

PERCENT C C N T R I B U T I  ON OF I N P U T  PARAPETER = 

PERCENT C C N T R I B k T I  ON OF INPUT PARAMETER = 

PERCENT CONTRIBClTI  ON OF INPUT PARAMETER = 

PERCENT C C N T R I B L T I  Bh OF I N P U T  PARAPETER = 

PERCENT C C N T R I B U T I  ON CIF INPUT PARAMETER = 

PERCENT C C N T R I B t i T I  UN OF lNPUT PARCIMETER = 

PERCENT C O N T R I B U T I O N  OF I h P U T  PARAPETER = 

PERCENT C C N T R I B b T I B N  OF INPUT PARAMETER = 

PERCENT C C N T R I B b T I B N  OF INPUT PARAMETER = 

PERCENT C C N T 3 I B U T I  ON OF INPUT PARAMETER = 

PERCENT C C N T R I t i b T I  ON CF I N P U T  PARAMETER = 

PEKCENT C C N T R I B L T L O N  OF INPUT PARAMETER = 

PERCENT C O N T R I B b T I O N  OF I h P U T  PARAMETER = 

PERCENT C O N T R I B L r I  ON OF INPUT PARAMETER = 

PERCENT C C N T R I t i t T I  Bh OF INPUT PARAMETER = 

2= 1.3 3 1 3 4  3 5 E-r) 1 
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PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 21.. C o 1 2 6 7 6 L E  C i l  

PERCENT C O N T R I B L T I  (IN OF I N P U T  PARAMETER = 22= C o 2 6 S : 7 2 2 € - 0 2  

PERCENT C C N T R I B L T I O N  OF I R P U T  

PERCENT C O N T R I B L T l O N  OF l N P U T  

PERCEhT C O N T R I B L T I  OK aF I N P U T  

PERCENT C O h T R I B C T I f f N  OF I N P U T  

PERCENT C O N T R I B L T I O N  OF l N P U T  

PERCENT C C N T R I B b T I O N  CF I N P U T  

PERCENT C O N T R I B U T I  (3h OF I N P U T  

PkRCENT C C N T R I B L T I O N  OF I K P U T  

PERCENT C O h T R I B L T I O N  OF l N P U T  

PERCENT C C N T R I B L T I O N  OF I lVPUT 

PARAMETER f 23= L o  
c w 

PARPMETER = 24= b . 1 7 3 5 3 1 E - 0 3  
u 
Y 

PARAMETER = 2 5 =  '..o a, 

$ 

E 

PARAMETER = Z 6 =  & . 3 1 8 4 1 1 E - C 2  2 
k 

PARAMETER = 27s -Co21C935E-0C1 k 
P A R A M E T E R  = 2 8 =  - L . ~ ~ ~ x I E  a i  

0 

V 
PARAMETER = 29= - L  . 1 9 0 4 9 2 E  Cl 

PARAVETER = 3C.z -t.6€!9631E C 1  k 
PARAPETER = 3 1 =  -5 .17U83QE-91  d 

v) 
a, 

3 
9 
.r( PAKPMETER = 32= C .  

PERCENT C O N T R I B U T I O N  UF I N P U T  PARAMETER = 33= c'.  

PERCENT C C N T R I B U T I O N  OF I h P U T  PARAMETER = 34= C, 

PERCENT C C N T R I B L T I O N  OF I N P U T  PARAPETER = .35= t 

PERCENT C O N T R I B L T I O N  CF I N P U T  PARAMETER = 36= r ' .  

PERCENT C O N T R I B b T I O N  OF I N P U T  PARAPETER = 37= 5 

PERCENT C O N T R I B L T I O h  OF I N P U T  PARAMETER = 38=  C 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 3 9 =  0. 

PERCENT C O N T R I 8 C T I O b i  CF I N P U T  PARAMETER = 4f.= C .  

PERCENT C C N T R I B b T I O N  OF I N P U T  PARAMETER = 4 1 =  -C:.139626E 0 1  

c; 
n 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 4 2 =  -.?.156671E C 1  
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PERCENT C O N T R I B L T I O N  OF I N P U T  PARAMETER = 4 3 =  -t054d817E C C  

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 4 4 =  -L.536882E CCi 

PERCENT C O N T R I B U T I B N  OF I N P U T  PARAMETER = 45= -CO928818E 01 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 46= -C01G9605E C 2  2 
u 

PERCENT C O N T R I B U T I O N  OF I N P U T  PARAMETER = 4 7 =  - f ' . 3 6 3 6 9 1 € - 0 2  - 
h 

0 

a, 

PERCENT C C N T R I B U T I O N  OF I N P U T  PARAMETER = 48= r i m  

PERCENT C C N T R I B b T I B N  OF I N P U T  PARAMETER = 49= 

PERCENT L O N l R I B L T I Q N  OF I N P U T  PARAMETER = 50= -0. 

PERCENT C C N T R I B b T I O N  OF I N P U T  PARAMETER = 51= -0. 

PERCENT C C N T R I B L T I O N  CF I h P U T  PARAMETER = 5 2 =  - C m  

PERCENT C C N T R I B L T I O N  OF l N P U T  PARAMETER = S3= - L o  

PERCENT C O N T R I B L T I O N  OF I N P U T  PARPMETER = 54= - L o  

PERCENT C O N T R I B L T I O N  OF INPUT PARPKETER = 

PERCENT C C N T R L B L T L  ON OF INPUT PARAMETER = 

PERCENT C C N T R I B L T I O N  OF I N P U T  PARAMETER = 

PERCENT C O N T R I B L T I  CIN OF I N P U T  PARAMETER = 

P E R C t N T  C O N T R I B C l T l  ON CF I A P U T  PARAMETER = 

PERCENT C C N T R I B L T I a N  OF I N P U T  PARAMETER = 

PERCENT C C N T R I B L T I  clhi OF I N P U T  PARAMETER = 

PERCENT C O N T R I B b T l O N  OF IMPUT PARAMETER = 

PERCENT C C N T R I B U T I B k  OF I N P U T  PARAMETER = 63= C 

k 
3 
c, 
d 
k 
a, 

? a, 

E-l 

P E R C t N T  C C N T R I B U T l B k  OF I N P U T  PARAMETER = 64= CJ. 
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Phase  3 - Approx 
Formula  

.124,u A / " C  dIL 1 
dT 

dIL2 
dT - . 4 3 3 , ~ A / " C  

P h a s e  4 - Direct  
Calculation 

.154 p A / " C  

-1.25 /J,A/"C 

Tempera tu re  = -50 c 
With al l  the n e c e s s a r y  calculations required for  a compar ison  of 

tempera ture  effects calculated a t  25 C, the f i r s t  t empera tu re  sett ing 
evaluated was -5OC. The f i r s t  s tep  in  the analysis was  to u s e  the 
equation descr ibed in P h a s e  5. 
of each input p a r a m e t e r ' s  fluctuations due to t empera tu re  on I L l .  The 
l a s t  line in F igure  68 is the summation of all  the individual effects and 
is equal to -9. 28 u ma .  
readi ly  seen  that p a r a m e t e r s  65 through 68 cause the g rea t e s t  change. 
This was predicted previously. 
column of numbers  a r e  due to the fac t  that those p a r a m e t e r s  do not 
appear  in the m a t r i x  equation for  this c i rcui t  under  the given operating 
conditions. 
However,  the total change predicted for  this cu r ren t  i s  0.032 m a .  
pointed out before p a r a m e t e r  #70, the gain of the sixth t r ans i s to r  t r i e s  
to induce a change of 0. 034 ma (which i s  g rea t e r  than the total change). 

F igures  67 and 68 p resen t  the effects 

Glancing down the column of numbers ,  i t  i s  

The many ze ros  appearing in the 

F igures  69 and 70 p re sen t  the s a m e  information for  IL2. 
As  

Since i t  has  been demonstrated that higher o r d e r  effects influence 
the value of IL2, i t  was  necessary  to calculate the change in output 
c u r r e n t  f r o m  25 C to -50 C directly. 
in  Phase  6. 
var iable  solutions a t  -5OC. Phase 7 i s  presented i n  F igure  73 which 
i s  m e r e l y  the difference between the output var iables  a t  25 C and -50 C. 
F o r  IL1, this difference turns out to be -0. 020 ma and 0. 105 m a  for  
IL2. Table 10 presents  the comparison of the two methods of calcu- 
lating the change. It can be seen that a t  lower t empera tu res ,  the non- 
l inear  effects s t a r t  to have a grea te r  influence on IL2 than previously.  
In addition, Table 10 presents  the predicted change of IL1 and IL2 as 
calculated by taking the derivative (calculated in P h a s e  4) and mult i -  
plying i t  by the change in temperature .  
correlat ion between these numbers  and those predicted in P h a s e  7 i s  
ve ry  high. 

This was  done and is explained 
Figures  71 and 7 2  p re sen t  the m a t r i x  and the output 

It can be noticed that the 
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It is significant to note that  the init ial  value of IL2 equals -0.262 ma 
and the expected change equals 0.105 ma, which i s  about 40 percent .  
P e r h a p s  of g rea t e s t  significance is the fac t  that  this  is the effect due 
to t empera tu re  alone and does not include any o ther  degrading effects 
that  p a r a m e t e r  tolerance might have. The effects of t e m p e r a t u r e  a r e  
not a s  g rea t  on IL1. 
28 percent .  

However, i t  i s  still in the neighborhood of 

Tempera tu re  = 0 C, 50 C 

Figures  74 through 8 7  present  the resu l t s  of the analysis p e r -  
formed a t  0 C and a t  t 5 0  C. 
descr ibed in the analysis a t  -50 C and the computer  pr in t  outs a r e  
identified as to their  temperature  identifications. All of the resu l t s  a r e  
summar ized  in Table 6. As this table demonst ra tes ,  the m o s t  se r ious  
application of this c i rcu i t ,  f rom a t e m p e r a t u r e  standpoint, i s  the 
-50 C level  a s  was anticipated. 
pera ture  differential  that i s  experienced ( -75  C) .  
noted that the change in  load cu r ren t s  by increas ing  t empera tu re  2 5  C 
is not the s a m e  a s  that obtained by decreasing it 25 C with a sign 
r e v e r s e ,  indicating some  of the non-linear effects of tempera ture .  It 
should a l so  be re i te ra ted  at  this  point that  the values fo r  the t e m p e r -  
a ture  coefficient, 8 ,  a r e  in themselves non-l inear ,  but for  the purpose 
of this  analysis  a r e  assumed to be l i nea r .  This  would fur ther  add to 
the complexity of prediction of t e m p e r a t u r e  effects and it is impossible  
to predict  what the effects would be. 

The f o r m a t  is the s a m e  as previously 

This  is due mainly to the l a rge  t e m -  
It should a l so  be 

The resu l t s  of th i s  analysis can only indicate that t e m p e r a t u r e  
alone can have a considerable effect on degrading the  c i rcu i t  p e r f o r m -  
ance. With combined circuit  to le rance ,  it is fel t  that  this  degradation 
would be m o r e  pronounced. 
t empera tu re  degradation a r e  the t r a n s i s t o r s ,  specifically the gains.  
If sat isfactory c i rcu i t  performance i s  not obtained, then a t ighter con- 
t r o l  on this p a r a m e t e r  would be necessa ry .  

The m a j o r  f ac to r s  contributing to this 

VII-25 



m 
9) 
M c 
Id c u 
M c 
Id 
.rl 
c, 

d 

5 
4 
rd u 
w 
0 
rn a 
0 
5 
2 
w 
0 
c 
0 
rn 
k 
rd a 
E 
0 u 
d 

.d 

4 

a, 

P 
Id 

r 3  

d 

4 4  
E €  
o m  
* - -  
0 0  

I 

m m  

* A  
A 
I 

4 4  
E E  
m o  o m  
0 0  

I 

X I  

I 

e 
E 
N 

0 
4 

I - 

m 
w 
N 
l 

e 
E 
0 
N 
0 

I 

- 
e 
E 
N 
In 
0 

- 

e 
E 
N 
Tc 
0 

- 
U 
0 
\ 

% * 
In 
d 

- 
4 

2 

- 

4 
E 
9 n 
0 

4 

0 * 
- 

4 
E 
In 
0 
A 

4 
E 
Tc 
m 
H 

I 

- 

4 
E 
N 
9 
N 

I - 
u 
0 

3 
In 
N 

A 
I - 
N 

=! 

I u 0 

1 

EM 

c u 
0 
In 
N 

X 
Y 

-,I s 

u 
0 

0 
In 

@, 

3 
H 
Id > 
c u 
0 

In 
N 

1 

X 
1 

U B  
ml m 

1063-7 

0 
0 

VII-26 



EM 1063-7  

(2 

I1 

w 
CL 
3 

z 
c3 

VII-27  



EM 1063-7 

VII-28 



EM 1063-7 

. 
I1 

!AJ 
z 
3 
I- 

0: 
Lu 

E 
w 
I- 

C 

a 

a 

a 
9 
W 
z 
lx 
c3 
LL 
ar 
W 
n 

c 
w 
v) 

c u 
0 

il) 
k 
Q) 
c, 
Q) 

Id 
k 

E 

a" 
c, 
9 a 
!=! 
H 

0 
c, 

e, 
5 

9 
r- 
Q) 

k 
5 
M 

iz' Ln 

I 
... 
c 

VII-29 



EM 1063-7 

c 
c, 

u 
Y 

c u 
0 

rd 
c, 

Y 

rn 
k 

u 
.d 
CU 
U 
n 
erc 
a 
> 
I- 
3 a 
c 
2 

w 
t 
cu 
d 
0' 
N 
Q 
0 
d 

0 
. 

c, 
3 
PI 
d 
H 
4 

rd 
3 a 

a 
d 
H 

0 
c, 

co 
U 
U 

a 
> 
c 

(\1 

H 

.rl 

4 
d 

Q) 
M 
d 
fd 

b 
a 
L j 
a E 
L 
c.. 

Lu 
c3 
Z 
4 
I 

VII- 30 



EM 1063-7 

w 
W 
W 
p: 
L3 
Lu 
0 

. 
3 

II 

I- 
U 
a 
Lu 
0. 
2 
Lu 
c 
I- a 
v, 
W 
A 
rn 
a 
U 

K 
> 
I- ,, 
a 
I- 
2 
cj 

a 

i, 
I w 
m 
u 
in 
3 
d . . . . . . .  

I 
Lu 
u\ 
u1 
aD 
W 
CP . . . .  

m I.. m m m 
0 0  0 0 0 
I I I I I 
u W w Lu W 
u\ N Q Q w 
A 4 9 9 m 
W m 9 -4 W 
- 4 0  CP @ N 
.T I+ 4 4 U 

I I I I I 

........................... 
t c) u u u 0 u 0 2 u 0 w 0 u 0 u w bJ 0 L'O v GJ w 0 u 0 

. . . .  

o m  
UU 

I 1  

. .  . . . . . . . . .  . . . . . . . . .  

m 
-d 
I 

W 
0 
N 
ai 
m 
U 

e 

u v  
I 

. .  
c;j 0 
I I 
w w 
yr N 

4 

a 
I 

w 
m 
m 

m 
B 

- u 
0 
c, 
rd 
Y 

a 
C 
rd 
c 
0 

cd 
3 

.rl 
c, 

LT 
x 
k 
.rl 

c, 

2 
co 
[' 

a, 
k 
3 
M 

cr .I-! 

VII -  31 



EM 1063-7 

N m 
0 0 
I I 

W UJ 
ul 0 
In IA 
e, V 
W 0 
lP d 

0 0 0 0 0 v v C' 0 C' u cs v 0 u v u u u 0 0 v v 
I I 

....................... 
d N r c m  N 
U '-.J Jcd 0 

I 
W 

I I  
w w  
4 G  In 
u\ UI 4 

3 
I 

3 
I 

m 
3 
I 
UI a 

d G c i  
I 1  

13 0 I c, 
I I  

c 
c, 
G s 
Y 

a r: 
cd 
r: 
0 

x 
.d 

c, 
k 

2 

VII- 32 

E 
t3 



EM 1063-7 

v) 
Lu 
W 
a: 
W 
W 
0 

0 

0 

0 
z a 
v) 
Lu 
Lu 

W 
W 
0 

In 
N 

z 
W 
Lu 
3: 
e 
Lu 

a 

m 
v) 
Lu 
-I 

4 

a 
4 
> 
c 
2 

c 
J 
a 
L 

co 
U 

n 

w 

W 
(3 z 
I 
V 
-J 

a 

2 
D 
c 

In 
0 
I u. 
9 
In 
7 
ul 
N 

'*. 
* :> 

U 
a 
UJ 
(3 
Z 
a 
I 
V 

4 

v) 
a r 
rl 

D 
Z 

Lu 
A 

4 

a 
4 
> 
c 
z) 

I- 
2 
p3 

m 
U 

n 

m 
0 
I 

W 
rl 
J 
6 

r- 
m 

u 

.-I 

. 
U 
a 
Lu 
0 z 
I 
V 
4 

Y, 
4 
I 

a 

N 

V 
z 
Lu 
-I 
m a 
a 
U 

4 > 
c 
2 

c 
2 
a 

n 

m 
0 
I 

Lu 
N 
-> 
In 
6 
a 
U 

< 2 

LL 
0 

W 
0 z 
Q 
I 
V 
4 

v) 
4 

e 

r 
m 

0 
z 
W 
-I 

U 

a 
4 
> 
c 
2 

I- 
2 
0 

m 
U 

a 

rl 
0 
I 

Lu 
rl 
I- 
Q 
2 
rl 
4 

0 

U 

. 
w 
0 z 
a 
I 
V' 
a 

a 
v) 

I 
U 

0 
z 
W 
-I 

4 
m 

a 
w 

4 
> 
c 
2 

c 
2 
P 

a 

d 

k 
I 

Lu 
m 
4 
m * 
i J  
d *  

e 
€3 

U 
a 
W 
0 z 
a 
I 
V 

4 

v) 
4 
I 
In 

z 
W 
-I 

4 

LL 
4 > 
c 
2 

e 
3 
13 

m 
-4 

n 

N 
13 

I 
Lu 
m 
9 
9 
13 
rl 
In . 
0 

U 
a 
Lu 
(3 z 
a 
I u 
a 

a 
v) 

I 

9 

0 
z 
W 
-I 
m 
a 

a 
I 

a 
> 
c 
3 

c 
2 
b 

a 

N 
0 
I 

W 
a 
CP 
m 
0' 
m 
.t 

3 
0 

U 
D 

UI 
(3 z 
I 
V 

a 

a 
v) 
4 
I 
IC 

a 
z 
Lu 
-I 

U 
a 
4 
> 
c 
2 

c 
2 
13 

m 
I 

a 

rl 
0 
I 

W 
d 
CP 
U 
0 
m 
In 

0 
I 

U 
a 
W 
(3 z 
I 
V 
4 

v) 
4 
I 
m 

. 

a 

a 
Z 

W 
-I 

4 

LL 

> 
I- 
3 

c 
2 
c3 

m 
I 

a 

n 

4 
3 
I 

w 
0 n 
m 
N 
rl 
In 
u 
I 

U 
Q 

w 
0 z 
I 
V 

. 

a 

a 

a v) 
I 
6 

m 
z 
w 
-I 

4 

CL 
4 
> 
c 
3 

c 
3 
p3 

m 
I 

a 

9 4  

3 
I 

W 
9 
ro 
W 
Ln 
I- 
U 

0 
I 

L 
D 

W 
0 z 
a 
L 
V 

. 

a 

a 
v) 

I 
z 
4 

W 
z 
w 
-I 
m 
a 
a 
a 
U 

> 
I- 
;> 

I- 
3 
c3 

a 

rl 
0 
I 

Lu + 
In 
0 
rl 
9 
U 
r, 
I 

LI 
D 

W 
0 
Z 
a 
I 
V 
4 

v) 
4 
I 

. 

.-I 
4 

a z 
UI 
-I 

4 

a 
4 
> 
t- 
3 

c 
2 
p3 

m 
-4 

a 

c 
3 
I 

W 
m 
r-l 
4 
r- 
U 
m 

3 
. 
u. 
a 
u 
(3 z 
a 
I u 
4 

v) 
4 
I 
N 
d 

W z 
Lu 
-I 

4 

az 
4 
> 
e 
2 

I- 
2 
b 

m 
CI 

a 

c 
c3 
I 

W 
m 
In 
4 
ri 
m 
m 

0 

U 
a 
W 
c3 
Z 

I 
V 
4 

v) 

I 

m 
d 

D 
z 
W 
4 

4 

a 
4 
> 
c 

. 

a 

a 

m 
I 

2 

c 
3 
P 

a 

rl 
u 
I 

W 
In 

N 

0 
U 

0 

.-I 

4 

. 
U 
E3 

W 
(3 z 
I 
V 
4 

v) 
4 
I 
U 
rl 

a z 
W 
-I 

U 

a 

m 

a 
a 
I 

> 
e 
2 

c 
2 
a 

a 

4 
0 
I 

Lu 
4 
CP 

r- 
m 
m 
0 

U 
c3 

W 
(3 z 
a 
I u 
4 

v) 
4 
I 
M 
ri 

13 
Z 

Lu 
-I 

4 

n 

e 

m 

a 
w 

4 
> 
c 
3 

e 
2 
CY 

n 

c 
0 
I 

Lu 

!? 
N 
N 
N 
m 

c, 
I 

U a 
Lu 
(3 z 
I 
V 
4 

v) 
4 
I 
9 
r( 

W 
z 
W 
-I 

4 

. 

a 

m 

a 
-4 

Q 
> 
c 
3 

t 
2 
0 

a 

G 
0 
I 

Lu 
d 
U 
4 
r- 
r( 
m 

0 
I 

U 
D 

u 
W z 
I 
V 

. 

a 

a 

a v) 
I 
I- 
d 

a 
z 
W 
-I 

4 
m 

a 
a 
w 

> 
c 
3 
a. c 
2 
c3 

m 
0 
I 

W 
m 
n 
I- 
N 
0 
In 

0 
I 

U 
a 
Lu 
0 z 
U 
I 
V 
4 

v) 
4 
I 
00 
ri 

D 
z 
W 
-I 

4 
n 
a 
> 
c 
2 

c 
2 
b 

m 

a 

a 

N 
0 
I 

W 
rl 
(r 

U 
m 
m 

0 

m 

. 
U a 
Lu 
0 z 
4 
I 
V 
a 
v) 
4 
I 
m 
rl 

CY 
z 
Lu 
-I 

4 

or. 
4 > 
c 

m 
w 

2 

c 
d 
0 

n 

ICI 
r3 
I 

W 
0' 
N 
d 
6 
9 

'2 
I 

LL 
D 

Lu 
(3 z 
a 

V 
4 

v) 
U 
r 
c; 
N 

0 
Z 

W 
A 

4 

a 
> 
e 
z) 

t 
3 
b 

s 

r 

m 

a 
-4 

a 

U 
0 
I 

W 
0 
N 
.t 
m 
(v' 
m 

0 

LL 
D 

w 
(3 z 
I 
V 
4 

v) 

I 

. 

a 

a 

d 
N 

0 
2 

W 
-I 

4 

LL 
4 
w 
c 
3 

t 
3 
b 

m 
I 

a 

0 

? 
r-l 
U 
rl 
r- 

e 
0 
I 

U 
D 

w 
(3 z 
a 
I 
V 
4 

v) 

I 
N 
(v 

a 

Lu 

a 
a 
a 
n 

4 > 
I- 
3 

t 
-3 
b 

n 

VII- 3 3  



EM 1063-7 

e . . .  
3 G k O  

e . .  
vu0 

H II II (I w 11 II II n II H II II II II 11 II II 11 II II II II 11 11 II II II II II II II '11 II II II II II II II 

a 
LL a u u a a a a ~ a a u a a a u u a u a a u u u a a u a u u u u ~ u ~ a u u ~ u u  +i - 
dc 
W 
n 
v) z 
0 

r: 
.d 

o 
VII- 34 



EM 1063-7 

u 
0 
L n  

Y 

UY 
k 
a, 
c, 
a, 

Ji4 

U 
I- 
n 
I- 

VII- 3 5  



EM 1063-7 

.. 
0 3 0 0  

I 1  
W U  
eon 

0 0 0 
I w 

W 
W 
aJ 

0 
I w 
In 
N 
r- 

0 
I w 

@ 
In 
U 
W 

r) 0 
I w 
d 

0 
I 

W 
.J 

r c N  
QDU 
U W  
U N  
O N  

u 
I w 

W 
9 
U 
r - 4  

5: 

0 
I w 
d 

u 
0 In 

I 
w 
CP 
d 
CP 
IC 
W 

I w 
9 
0 v 

I 
W 
VI 
N 

I 
2 
n 
0 
U 
y\ 
9 

0 
0 In 
Q 

Y 
rd 
Y 

U a 
d d 

I- 
3 a 

c 
3 a 
c 
3 
W 

c c c 
2 

I- 
3 a 

n 
c 
3 a. 
c 
2 
c 
3 a. 
c 
3 
n 
c c c  

2 2  
I- 
3 a. 
c 
2 
c 
2 
t 
3 a. 
c 
3 
n 
t z 
c 
3 a 
e 
3 
n 

c 
3 
n 
I- 
3 
c3 

z 
w 

I- 
3 
n 
c 
2 a. 
c 
3 a 
c 
3 a. 
e 
3 a. 

I- 

& 
Lu 
n 
aE w 
c 
I- 

a 

a 

5 
n 

3 
n 

c z 
L 
U 

I-c 
33 
O W  

L Z  
r u  

I- 
3 
0 

z 
n 

c 
3 
13 

L 
w 

c s 
;L 
U 

c 
3 a 
I 
U 

c 
2 
0 

L 
U 

I- 

3 
z 
U 

c 
3 
0 

z 
U 

c 
2 a 
I 
U 

c 
s 
;L 
U 

c 
3 a 
z 
U 

I- 
3 
0 

z 
U 

I- 
3 
W 

c 
3 

L L t t  c 3 
D 

z 
U 

L t t 3 
5 
3 
5 

3 a 2 0 c' 
z 
L.. 
z 
U 
z 
U 
z 
U 

2 
U 
z z  
UCI 

z 
r 
L 
Y 

z 
I 

Y 
U 
I 
V 

0 z 
U 
I 
V 

0 
a 
z 
I 

0 z 
U 

0 z 
U 
I 
V 

0 z 
I 
a 

0 z 
d 

0 
Z 
U 
I 
V 

0 z 
U 

0 z 
U 
I 
V 

(3 z 
U 
I 

(3 z 
U 
I 
V 

c3 z 
U 

(3 z 
U 

(3 
Z 
d 

0 z 
U 
I 
V 

0 z 
U 
I 
V 

0 z 
d 

(3 z 
U 
I 
V 

0 z 
U 

(3 z 
U 
I 

0 z (3 z 
U 
I 
V 

0 z 
I 
V 

a 
0 z 
U 
I 
V 

0 z 
I 
V 

a 
(3 z 
U 
I 
V 

Y 
a 
I 
V 

0 
Z 

I 
V 

a 
P 
W 
L 
5 

I 
V 

- 
I 
V 

- 
I 
V 

s 
V 

r 
V 
x 
V 

x 
V 

s 
' V  V V V V 

v 

LL u a u a a u u a a u u u a u u u a u a u u u u u u a u u u u u u ~ u a u a u u u  
& 
Lu 
n 
v) z 
D 

c 
U 
.J 
2 

I 

2 
a 
V 

v)v) 
Luu 
v)v) 
33 

v u  
d r y  

5 0  
Z Z  

u a  

v) v) 
Lu 
v) 
3 

V 

U 

a 

v) 
Lu 
v) 
2 

V 

9 

a 

v) 
w 
v) 
3 
U 
V 

IC 

v) v) v)v) 
W L u  mv) 
23 

v) 
w 
v) 
3 

lA v) 
W 
v) 
2 

V 

Q, 

a 

d 

5 
z 
K 
Lu c 

v) v) 
w 
v) 
;> 

V 

d 
N 

a 

v) v) v) v) 
w 
v) 
3 
a 

v) v) 
ul 
v) 
3 
U 
V 

N 
m 
5 z 

_ .  
w 
v) 
3 

.. 
W 
v) 
3 
U 

W 
v) 
3 

W 
v) 
3 

w 
v) 
3 

Lu 
v) 
3 

W 
2 

Lu 
v) 
2 

U 
V 

m 

U 
V 

2 
a u  

m e  
U V  

' d d  

U 
V 

m 
c) 

U 
V 

0 
N 

a 
V 

e 
N 

a u  
v u  

U 
V 

IC 
ry 

u u  
v u  

U 
V 

d 
d 

0 z 

V 

9 
d 

a z 
cz 
W c 

V 

W 
N 
W 
z 

V 

d 
m 
0 z 5 z 

o? 
Lu c 

0 
z 
& 
Lu c 

a 
Z 

0 z 
13 
z 0 0  z z  

a 
z 

0 z O z 0 z 0 
z 
cz 
W 

a 
Z 

cz az 
W c 

& 
Lu c 

cz 
UJ c 

CY 
LL' c 

cz 
Lu c 

z 
W c 

Z c z  
U l W  

o? 
W 

w 
I c 

U 

VU- 36 



EM 1063-7 

.* 

I 
Lu 
A 
0 
N 
n3 
c3 
A 

t 
4 

II 
4 
N 

D 
L 

w 
J 
cn 
4 

a: 
4 
> 
I- ,, 
t 
2 
Q 

L 

CI 

n 

c 

w 
L3 
2 
U 

c u 
0 
ln 

4 

I4 
H 

d 
.d 

a, 

u 

VII- 37 



EM 1063-7 

v) 
w 
w 

0 
w 
a 

a 

9 
e 

3 
In 

II 

w 
er 
2 
c a 
a 
w a. 
aL 
w 
I- 

+ 
4 

ln 
w 
-I 
a 
a 

N N  
0 0  

N 
3 
I w 
9 * 

m 
0 
I 
w 
0 
W 

m 
.3 
I 

w 

F 
F 
rl 

c 
0 

a 
F: 
(d 

rn 

.rl 
c, 
(d 

% w 

I: 
P z 

VII- 38 



EM 1063-7 

N U 
0 O 
I I 

w W 
9 N 
d 0 m UI 
N QI 
CP VI ....................... 

O V U O U V O Q O W U Q U Q O O Q U U O O V ~  
I I 

N N d V  N 
0 0 90 u 

I I I  I w W W  W 
I ru 

9 OIN tn 
r( r J 0  8 4  

* 
P 
(v m c ( m  m 
IC N 3 QI m 
QI 01 d c r  rl ....................... 

O O O O W W W O O O V O W O Q O Q W O O O W O  
I 

0 N 
9 0 
I I 

W W 
rl cr 
m (v 
4 d 
Q) m 
ry QI 

I I 

....................... 
0 RZ.4 4 c3 0 0 ii 0 t : i  0 3 4 3  v,, 8 4 2  Q G- 0 a (;r r;3 t-3 

W d N  
0 0 0  
I I  

U J W L u  

N - -  
0 
I 

W 
4- 
N 
N 

VII- 39 

c 
c, 
El 
0 u 
Y 

c u 
0 m 
c, 
rd 
Y 

0 
al 
d 
a, 

v3 
5 
El 
cd 



EM 1063-7 

U 
3 
I 
w 

.r 
U 
(2 
U 

0 
I 

U 
W 

Lu 
0 z 
I 
u 

m 

d . 

a 

a 

a 
'A 

I 
d 

u 
z 
LI.4 
-I 
d 
C 

P 

> 

- 
a 

t- 
d l  

I- 
2 
0 

n 

m 
3 
I 

w 
m 
9 
P 
r- 
In 
In 

L 
I 

U 
W 

U 
ff 
L 
a 
X 
U 

. 

a 

a 
v) 

I 
N 

W 
z 
w 
-I 
6: 
a 
a 
a 
I 

> 
c 
2 
a. 
c 
2 
0 

0 
c) 
I 
w 
U 
t- 
P 
9 
I- 
In ,. . 
d 

I 

U 
U 

W 
(3 z 
4 
I 
V 
a 

a 

m 

v) 

I 

3 
2 

W 
-I 
Q 

d, 
a 
a > 
c 
J 
n c 
2 
'3 

N 
c> 
I 

W 
In 
IC 
U 
9 
3 
I- 

I 

U 
W 

Lu 
ff z 
a 
I u 

* 
I .  

a 
v) 
a 
I 

.j 

W 
z 
W 
2 
m 
a 

a 
c.l 
a 
> 
e 
2 

I- 
J 
0 

n 

N 
3 
I 
w 

W 
Q. 
i )  

U 
N 

m 

* 
" 
I 

U 
u 
w 
0 
Z 
a 
I 
c) 

a 

a 
v) 

I 
9 

0 
2 

u 
-I 
m 
a 
a 
a 
l-l 

> 
I- 
2 

t 
2 
a 

a 

(u 
3 
I 
w 
P e 
ul 
a2 
N 
N 

a 
I 

U 
c 
U 
0 z 
I 
U 

* 

a 

a 

a 
ul 

I 
r- 

a 
z 
?u 
-I 
m 
a 

a 
n 
a 
w 
t- 
2 

t- 
2 
0 

a. 

4 
c;, 
I 

W 
rl 
F- 
N 
m 
9 
m 

U 
m 
LL 
ff z 
I 
U 

4 

a 

a v) 
I 

oc 

W 
z 
W 
-I 
6: 
a 

a 
I 

z 

> 
c 
J 

c 
J 
0 

a 

rl 

3 
I 

W + 
CV 
N 
ul 
In 
m . 
t 

LL 
W 

W 
0 
Z 
4 
I 
U 

a 

a LA 

I 
6 

u 
z 
W 
-I 
ffi 
a 

a 
M 

CY 

> 
c 
J 
a 
t 
2 
e3 

rl 
~> 
I 

W 
t- o 
N 
OD 
In 
U 

.1, 
. 

U 
a 
w 
(3 
L 
4 
I u 
a 

a 
v) 

I 

3 

V 
z 
w 
-I 

d 

m 
a 

a 
* 
U 

> 
c 
J 
b 
t 
J 
0 

rl 
i) 

I 
W 

5 
IJ 
Lc\ 
U 
U 

0 
. 
U 
a 
w 
c3 z 
a 
X 
V 
a 
v) 
a 
I 
d 
4 

C J  
z 
W 
2 
ffi 
a 
a 
a 
3 

w 
c 
2 

!- 
2 
C 

n 

C 
0 
I 
w 
r- 
PI1 
N 
(v 
m 
m . 
I 

Y 
a 
w 
0 
L 

S u 
a 

a 

a 
v) 

I 
N 
d 

0 
z 
LU 
J 
cz! 

n 
K 

> 
c 
2 
a. c 
2 
p3 

a 

a 

C 
3 
I 

w 
U 
4J + 
t- 
d 
m 
it 
I 

U 
a 
w 
0 z 
a 
I 
U 

. 

a 

a 

m 

* 
I 

4 

0 
z 
w 
-I 
cc 
a 

a 
- 
a 
> 
c 
2 

I- 
2 
c3 

n 

rl 
.J 
I 

W 
In 
9 
m 

OD m 
a 
I 

U 
e3 

Lu 
0 
L 
a 
I 
c) 

. 

a 
v) 
U 
I 
In 
d 

W 
z 
w 
-I 
ffi 
a 
a 
a 
I 

> 
e 
2 

c 
2 
m 

a 

C 
0 
I 

W 
U *\ 
9 
Fc\ 
3 
m . 
i 

u. 
W 

u 
0 
L 

I 
U 

a 

a 

a 
v) 

I 
+ + 
W 
z 
W 
-I 
ffi 
a 

a 
I 

a 
> 
c 
-1 

c 
J 
B 

n 

m 
0 
I 

w 
U 
N 
4 
Q) 

U 
m 

f2 

U 
a 
W 
1 3  z 
a 
I 
V 
a 

a 
v) 

I 
X 
4 

W 
z 
Lu 
-I 
m 
a 

a 
n 
U 

> 
c 
2 
a c 
2 
W 

N 
Q 
I 
w 
m 
oc, 
U 
t- 
rl 
m . 
i 
U 
a 
W 
ff 
L 

I 
V 
U 

;n 

I 
P 

a 

a 

d 

0 
z 
W 
2 
6 

cz 
w 
c 
2 

c 
2 
0 

a 

a 
- 

n 

In 
i 
I 

Lu 
d 
tU 

9 
3 
rl 
0 

c, 
. 

LL 
0 

W 
0 z 
I 
V 

a 

a 

4 
I 
0 
N 

u 
z 
W 
-I 
ac 
a 
a 
a 
I 

> 
I- 
J 

c 
J 
3 

n 

U 
c') 
I 

Lu 
d 
X 

-J 

m 

m 

a 

* 
I 

U 
c3 

W 
ff z 
a 
S u 
a 

a 
v) 

I 
4 
N 

a 
7 

W 
-I 
m 
a 
I 

?? 
4 
W 

e 
J 
a c 
J 
0 

c 
0 
I 
w 
U 
Ln 
9 
n 
.> m . 
t i  

U 
u 
W 
(3 
L 

I 
V 

a 

a 

a 
v) 

I 
N 
N 

e3 
z 
Lu 
-I 
m 
a 
a 
a 
c( 

w 
c 
2 

I- 
2 
0 

n 

V I I -  40 



E M  1 0 6 3 - 7  

VIII. SUIZ/IlvIAXY OF CONCLUSIONS 

The Log Compression Amplifier c i rcu i t  was  analyzed by s e v e r a l  

The detailed resu l t s  of the analysis a r e  d iscussed  in the f o r e -  
different computer techniques. 
sul ts .  
going. In genera l ,  the circuit  pe r fo rms  well  under nominal conditions. 
The fluctuations in  the output cu r ren t s  due to p a r a m e t e r  tolerances and 
environmental  changes a r e  quite large i f  the ex t r eme  w o r s t  ca se  
conditions a r e  assumed.  It is recognized that these ex t r eme  conditions 
a r e  not necessar i ly  real is t ic  assumptions.  However, the ex t r eme  
conditions do provide a bound on the output var iables .  

Each of these showed consistent r e  - 

The design c r i t e r i a  for the c i rcu i t  was  not known and i t  i s  not 
possible  to de te rmine  whether changes in the output cu r ren t s  l ie within 
the design l imi t s .  
employed i s  that  they pin point the p a r a m e t e r s  that have the g rea t e s t  
effect on the output variables.  
mining how sensi t ive the cur ren ts  a r e  to changes in specific compo- 
nent pa rame te r s .  

The significant advantage of the computer  techniques 

That i s ,  they provide a means of d e t e r -  

Throughout each of the analyses ,  the ac  gain of the t r ans i s to r s  
('nf,) was the mos t  significant p a r a m e t e r  in  affecting the output cu r ren t s .  
If i t  is des i rab le  to maintain a m o r e  s t r ingent  bounds on the output 
cu r ren t s ,  a t r ans i s to r  with tighter tolerance qn the hfe should be 
selected.  

DC analysis  indicated that the t r ans i s to r  bias was sa t i s fac tory  
even under ex t r eme  conditions. 

VI11 - 1 
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APPENDIX I 

1 .  MANDEX WORST-CASE ANALYSIS 

This  paper  explains the - Modified -- AND Expanded (MANDEX) 
Wors t -  ca se  Circuit  Analysis Computer P r o g r a m  which u t i l i zes  a digi- 
tal computer capable of determining the effects of var ia t ion in c i r cu i t  
input and p a r t  pa rame te r  on circuit  performance.  
method, the computer calculates the first derivative of all output v a r i -  
ab les  with r e spec t  t o  the input p a r a m e t e r s  and, using these  der ivat ives ,  
s e t s  the input p a r a m e t e r s  t o  their end-of-life condition so that a wors t -  
c a s e  solution for  the output variable i s  obtained. The computer  d e t e r -  
m i n e s  whether per formance  i s  acceptable at th i s  wors t - case  condition, 
and p r in t s  c i rcu i t  information accordingly.  This  procedure  i s  repeated 
f o r  all output va r i ab le s .  
c i r cu i t  design will  m e e t  wors t -case  c r i t e r i a ,  the p rogram provides  the 
designer  with information to  aid i n  improving the design. 

In the MANDEX 

In addition to  determining whether o r  not a 

To pe r fo rm th is  analysis, it is necessa ry  that a mathemat ica l  
model ,  which may  be programed, be der ived f r o m  th is  c i rcu i t .  The 
value of the p a r t  p a r a m e t e r s  and the i r  end-of-life l imi t s ,  the mathe-  
ma t i ca l  equations de scribing the c i rcu i t  output va r i ab le s ,  and fa i lure  
c r i t e r i a  m u s t  a l s o  be programed into the computer .  

1. 1 Definitions 

Before proceeding with the explanation of the analysis  technique 
it is necessa ry  to  define several  t e r m s  in o r d e r  to  prevent  confusion in 
the  discussion. These definitions a r e  a s  follows: 

Input Pa ra rae t e r  - A representat ion of an input signal t o  a c i r cu i t  
and /o r  a representat ion of a par t icu lar  e l ec t r i ca l  c h a r a c t e r i s t i c  
of a component pa r t ;  i .  e . ,  Rcx = t r a n s i s t o r  saturat ion r e s i s t a n c e ;  
Vin  = input signal. 

Output Variable - Any circui t  function o r  s t r e s s  dependent upon 
the values of the input pa rame te r s ;  i. e . ,  Vout = output signal; 
Pc = t r a n s i s t o r  collector dissipation. 

Partial - The r a t io  of the change in an  output var iable  to  the 
change in an input parameter .  
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1 .2  Input Requirements 

T h e r e  a r e  three basic inputs to the p rogram:  (1)  the MANDEX 
Method Logic P rogram,  (2)  the input da ta ,  and (3)  the equivalent 
c i rcu i t  subroutine. 

The input data consist  of t h ree  sections.  The first contains 
n e c e s s a r y  input pa rame te r  information; i. e. , the nominal value and 
the upper  and lower end-of-life drift  percentages of the input p a r a m -  
e t e r s .  The second section lists the output var iable  r equ i r emen t s  
against  which the output var iable  will be compared.  These  r equ i r e -  
m e n t s  ref lect  the proper  application of both c i rcu i t  and pa r t s .  The 
th i rd  section, which is optional, is a list of actual m e a s u r e m e n t s  of 
the output var iables  f r o m  the breadboard. 

The circui t  subroutine contains the equivalent c i rcu i t ,  equivalent 
c i rcu i t  fa i lure  c r i te r ia ,  and output var iable  formulas .  The equivalent 
c i rcu i t  includes the inputs and outputs of the circui t ,  considering load 
impedance, input signal, and input generator  impedance. The nodal 
method of writing c i rcu i t  equations is general ly  used, although the 
loop-current  method can be used  equally well. However, the method 
that  desc r ibes  the circui t  in the leas t  number of equations will achieve 
a saving in  computer t ime l a t e r  in the analysis .  The c i rcu i t  equations 
should be verified by experimental  data. 

The measu remen t s  and solutions to the c i rcu i t  equations should 
be compared ,  and the r e su l t s  of each m u s t  be compatible. 
c repancies  exis t  between the two, it will be n e c e s s a r y  to a l t e r  the 
equivalent circuit  to m o r e  accurately r ep resen t  the physical c i rcu i t .  

If any d i s -  

To determine if the equivalent c i rcu i t  i s  functioning properly,  
c i rcu i t  fa i lure  c r i te r ia  m u s t  be wri t ten in t e r m s  of the equivalent c i r -  
cu i t ' s  p a r a m e t e r s  and the solutions to the c i rcu i t  equations. These  
c r i t e r i a  can  be developed for  any pa r t  in the c i rcu i t  that  has  two o r  
m o r e  stable states.  If the c i rcu i t  is successfu l  with a p a r t  in e i ther  
s ta te ,  then special logic is incorporated into the computer  p r o g r a m  to  
change the mat r ix  to represent  this p a r t  in i t s  a l te rna te  s ta te .  This  
logic will  be used only if the c r i t e r i a  indicate that  the p a r i  has  changed 
i t s  mode of operation. A s  an example, consider  the c a s e  in which a 
diode is operating above the knee of its cha rac t e r i s t i c  curve .  
dynamic impedance a t  that point will  be relat ively small a s  cornpared 
to  the irnpedance below the knee. 

The 

It is obvious then that  the s a m e  
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equivalent c i rcu i t  will not suffice for  both c a s e s .  
the voltage a c r o s s  the diode must be made  to  de te rmine  i f  the p rope r  
equivalent has  been used. 
the p r o g r a m  m a y  continue. 
used.  

Therefore ,  a t e s t  of 

If the t e s t  shows that the voltage is c o r r e c t ,  
If not, a new equivalent c i r cu i t  m u s t  be 

Output var iab les  a r e  a straightforward computation of i t e m s  of 
interest,, such as  s t r e s s  functions, output voltages,  e tc .  I t  is these  
output var iab les  which, when compared against  t he i r  requi rements ,  
will de te rmine  i f  the c i r cu i t  has pas sed  the wors t - case  conditions. 

1. 3 P r o g r a m  Operation 

An abbreviated flow chart  of the MANDEX P r o g r a m  i s  given i n  
F igu re  1. 
and p r in t  th i s  information which the analyst  may use  as a check. 
will  then solve the c i r cu i t  equations with all input p a r a m e t e r s  at t he i r  
nominal value. If a n  equivalent c i r cu i t  fa i lure  ( a s  indicated by a mis- 
representat ion of the mode of operation of a p a r t )  o r  a n  actual c i r cu i t  
f a i lu re  (as  indicated by an  output var iab le  exceeding its l imi t )  i s  exper i -  
enced, the computer will stop. If not, it will p roceed  to calculate the 
-3artials of all output var iables  with respec t  to all of the input p a r a m -  
e t e r s .  This  i s  done by varying the input p a r a m e t e r s  above and below 
t h e i r  mean  values  and making the appropriate  substi tutions in an  eight- 
point cen t r a l  derivative formula. Next, the c i r cu i t  equations a r e  solved 
with each p a r a m e t e r  sequentially a t  its end-of-life values.  
cal led the "one-at-a-t ime' '  solutions. The use of these solutions will 
b e  discussed.  

The computer program will read  in  all input information 
It 

These  a r e  

The computer sequentially t e s t s  the wors t - case  conditions of all  
output var iab les  a f te r  these  prel iminary computations a r e  completed,  
If an  output requirement  s ta tes  that  a c e r t a i n  output var iab le  m u s t  
r e m a i n  below a given value,  the computer  will s e t  all input p a r a m e t e r s  
with positive pa r t i a l s  a t  the i r  maximum end-of-life va lues ,  and a l l  
p a r a m e t e r s  with negative par t ia l s  a t  the i r  minimum end-of -life values ,  
thus obtaining the wors t  possible case  for  the output va r i ab le .  
of the output var iable  obtained f r o m  these conditions i s  compared with 
i t s  requirement .  
e r e d  successfu l  a t  that point and the next output var iable  i s  investigated.  
If the value exceeds the requi rements ,  the c i rcu i t  i s  considered to have 
fa i led .  In e i the r  c a s e ,  the information surrounding each output var iable  
is  printed out. 
then se t  up the wors t -case  condition by setting the input p a r a m e t e r s  to 
the i r  end-of- l i fe  value opposite the sign of t he i r  pa r t i a l ,  and proceed a s  

The value 

If i t  i s  within the requi rement ,  the c i rcu i t  i s  consid- 

If a minimum output i s  requi red ,  the computer will 
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before.  It will then analyze the next output var iab le ,  and continue to do 
so until all output var iab les  have been investigated.  The computer  will  
now p r in t  the resu l t s  of the one-a t -a - t ime,  end-of-l ife solutions,  and a 
s u m m a r y  shee t  gathered f r o m  all the wors t - case  solutions.  

Although the p rogram r e s u l t s  in  a l a r g e  volume of useful  in forma-  
tion concerning the c i rcu i t ,  the computer  t ime  for  a "typical" c i r cu i t  
(a  c i rcu i t  which r equ i r e s  about 20 simul.taneous equations to desc r ibe  
its operation) i s  approximately 3 to 4 minutes  on the IBM 7094 computer .  

2. OUTPUT INFORM-4TION 

P e r h a p s  the best  method of i l lustrat ing the value of the MANEX 
Wors t -  case Circuit  Analysis  Computer P r o g r a m  would be to explain 
the var ious  sections of the computer printout and then explain the use  
of the r e su l t s .  

2. 1 Input P a r a m e t e r  Data 

The f i r s t  sheet  that  appea r s  in the printout,  "Input P a r a m e t e r  
Data", is i l lus t ra ted  in  F igu re  2. 
appea r s  on the sheet. 
ply regulator .  
and output var iables  appears .  
to a descr ipt ion of a l l  input p a r a m e t e r s .  This  descr ip t ion  contains the 
input pa rame te r  symbols ,  the number assigned to each f o r  the purpose  
of ana lys i s ,  the nominal o r  design center  value,  and the end-of-life 
allowable values and percentages.  F o r  the i l lus t ra t ion ,  the end-of- 
life per iod was three  y e a r s ,  hence the designation " t 3  o r  -3 -yea r  pt. I '  
In  the example analysis ,  t he re  were  46 input p a r a m e t e r s ;  however,  
only 30 a r e  l isted due to space  l imitat ions.  

The title of the c i rcu i t  being analyzed 
A s  can  be seen,  th i s  example was a power sup- 

-4fter the c i rcu i t  title, the  number of input p a r a m e t e r s  
The r ema inde r  of the shee t  is devoted 

2. 2 Output Variable T e s t  Information 

F igu re  3, "Output Variable T e s t  Information, I f  l i s t s  the symbols  
In addition, it lists the and numbers  assigned to each output var iable .  

maximum and/or  minimum values  against  which the M-4NDEX wors t -  
c a s e  solutions a r e  tes ted,  and information as  to whether the output 
va r i ab le s  a r e  tested f o r  maximum o r  minimum values ,  o r  both. 

F i g u r e s  2 and 3 a r e  p r i m a r i l y  pr intouts  of information supplied 
to the computer .  In addition to  providing r e f e r e n c e  information, they 
s e r v e  a s  checks to see  that the computer  has  received the c o r r e c t  
information. 
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2. 3 Nominal Solutions 

The nominal ma t r ix ,  its solutions,  and the nominal solutions of 
the output va r i ab le s  a r e  presented next. 
this  information.  
point notation with s ix  elements p e r  line. 

F igu re  4 i s  a n  example of 
The  nominal matrix is l i s ted  row-wise i n  floating- 

Thus a 4 x 4 matrix 

would usually be programed to be l is ted 

H ( 1 , l )  H ( 1 , 2 )  H ( l , 3 )  H ( 1 , 4 )  H ( 2 , l )  H ( 2 , 2 )  

H ( 2 ,  3 )  H ( 2 ,  4) H ( 3 , l )  H (3 ,  2 )  H (3,  3) H (3 ,  4) 

The nominal matrix solutions and the nominal solutions for  the output 
va r i ab le s  follow the m a t r i x  listing. 

2. 4 Detailed M-4NDEX Results 

F i g u r e  5 shows a n  example of the "Detailed M-ANDEX Resul t s ' '  
sect ion of a M-ANDEX analysis. Th i s  information i s  obtained for  each  
c a s e  in  which a n  output variable is t e s t ed  fo r  w o r s t - c a s e  max imum o r  
w o r s t - c a s e  mininium value. For instance,  in the example ana lys i s  
t h e r e  were  12  output var iables  t e s t ed  for  both maximum and minimum 
value,  and 19 output var iables  t e s t ed  fo r  maximum value. Therefore ,  
t he re  were  43 subsect ions ( s imi l a r  to  F igu re  5) i n  the "Detailed 
M-qNDEX Resul ts"  sect ion of the example ana lys i s .  

In th i s  example,  the output var iab le  V10 was  tes ted  f o r  the maxi -  
m u m  (i .  e . ,  m o s t  posit ive) wors t -case  value. -4s can  be seen  i n  the 
first p a r t  of F igu re  5, the allowed max imum value was -24. 5 vol ts ,  
and the solution value was -23.  833 volts,  hence the solution value 
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failed the wors t -case  requi rement  by 0. 6673 volts. 
valent c i rcu i t  check (EQU CKT CHECK), a z e r o  is  printed. 
that all of the equivalent c i rcu i t  success  c r i t e r i a  that  w e r e  wri t ten 
into the c i rcu i t  subroutine to check the validity of the equivalent c i r -  
cuit w e r e  met .  

Next, under  equi- 
This  means  

The next item i s  a check on the logic s ta te  of the matrix when the 
output var iab le  i s  t es ted  fo r  w o r s t  case.  
printed out, indicating the matrix was  i n  the no rma l  state.  If, how- 
ever ,  a change of m a t r i x  s ta te  is necessary ,  such as to allow for a 
change of polarity on a diode, and this special  logic has  been wri t ten 
into the c i rcu i t  subroutine, a number code would be printed out to indi-  
cate this  special state.  

In m o s t  c a s e s  a "1" will be 

The next par t  of this  section gives detai ls  on output var iable-  
input p a r a m e t e r  relationships.  Lis ted in  columns 3 and 4 a r e  the nom- 
inal values of the input p a r a m e t e r s  and the end-of-life values  at which 
the input p a r a m e t e r s  w e r e  s e t  to give a w o r s t - c a s e  solution of the p a r -  
t icular  output variable (V10 i n  this  example).  Column 5 l i s t s  the p a r -  
t ia l  der ivat ives  of the output var iable  with respec t  to each of the input 
pa rame te r s .  
nominal, i. e . ,  when each input p a r a m e t e r  is moved f r o m  its nominal 
value to its end-of-life point, while the other input p a r a m e t e r s  a r e  
held a t  their  nominal values.  Summing these changes,  of the s a m e  
sign, and calculating percent  changes produces column 7. 

Next a r e  l is ted the changes in  the output var iable  f r o m  

The "Percent  Changes" column gives a good indication a s  to what 
input p a r a m e t e r s  a r e  important  to the var ia t ion of the output var iable  
being tes ted  for wors t -case .  Ideally, the values in the "Pe rcen t  
Changes" column would al l  be of the same  sign: plus,  (t), when testing 
for  a maximumvalue  w o r s t - c a s e  solution, and minus,  ( - ) ,  when testing 
for  a minimum value w o r s t - c a s e  solution. However, because  a point 
of inflection o r  zero slope may  occur in the input-output curve,  t he re  
can be c a s e s  in which setting the input p a r a m e t e r  in  the direct ion indi-  
cated by the s ign  of the par t ia l  m a y  produce a change in  the output 
opposite to that desired.  F o r  example, in  F igure  5, p a r a m e t e r s  R3, 
R7, and R12 a r e  se t  so that  they tend to dec rease  V10 instead of in- 
c r e a s e  it. It can be seen, however,  that the total  contribution of the 
three  p a r a m e t e r s  to  V 10 i s  insignificant ( - 3  x 
with MANDEX has shown that in  every  case  in  which an input p a r a m -  
e t e r  was se t  to produce the wrong change in the output var iable ,  the 
e r r o r  in  the result  was negligible. 

volts) .  Exper ience  
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If the pa r t i a l  of a n  output var iab le  with r e s p e c t  to an  input p a r a -  
m e t e r  is  a constant over  the range of var ia t ion  of the input p a r a m e t e r ,  
the pa r t i a l  computed about the nominal value of the input p a r a m e t e r  (or 
any o ther  value of the input pa rame te r  within i t s  range  of var ia t ion) ,  
t i m e s  the change of the input pa rame te r ,  i s  equal  to  the change in  the 
output va r i ab le  due to changing the input p a r a m e t e r .  
the output var iab le  with respect  to an  input p a r a m e t e r  i s  l i nea r ,  the 
pa r t i a l  of the output var iab le  with r e spec t  to the input p a r a m e t e r  i s  a 
constant.  Therefore ,  the l inearity of the input-output re la t ionship can 
be invest igated by comparing the pa r t i a l  t i m e s  the input p a r a m e t e r  
change with the difference between the output va r i ab le  solution when 
the input p a r a m e t e r  is  a t  nominal and the output va r i ab le  solution when 
the input p a r a m e t e r  i s  at its end-of-life value. The column entit led 
"Linear i ty  Check" p r e s e n t s  this comparison.  

If the var ia t ion  of 

The l a s t  column, "EQ CKT TEST, provides  a check to show i f  
the  equivalent c i r cu i t  s u c c e s s  c r i t e r i a  a r e  m e t  when each of the input 
p a r a m e t e r s  i s  v a r i e d  to  i t s  th ree-year  end point. 

An a r e a  of uncertainty that ex i s t s  i n  the MANDEX analys is  tech-  

For ins tance ,  i f  these  effects 
nique concerns  the effects  that in te r re la t ionships  of the input p a r a m -  
e t e r s  m a y  have on the output var iab les .  
w e r e  not present ,  the sum of the output changes f r o m  nominal  when the 
input p a r a m e t e r s  a r e  v a r i e d  one at a t ime to the i r  t h r e e - y e a r  end 
points  would equal  the difference between the output va r i ab le  solution 
with all input p a r a m e t e r s  at their  t h r e e - y e a r  end points,  and the output 
va r i ab le  solution with all input p a r a m e t e r s  a t  t he i r  nominal values .  
To provide a n  indication of the effects  of in te r re la t ionships  of the input 
p a r a m e t e r s  on the output variable,  the above compar ison  is  made.  As 
shown i n  F igu re  5, the sum of the "Output Change f r o m  Nominal" col-  
umn  (1. 206) and the wors t -case  solution of the output var iab le  minus  
the nominal  solution of the output va r i ab le  (1 .  154) a r e  given for  com-  
par i son .  Also given i s  the sum of the " P a r t i a l  T i m e s  Input Change" 
column (1. 248). 
all the input p a r a m e t e r s  w e r e  l i nea r  and t h e r e  w e r e  no in te r re la t ion-  
sh ips  of the input p a r a m e t e r s ,  the th ree  values  would be equal. 
p rac t i ce ,  these  quantit ies a r e  probably never  exact ly  equal. -4t the 
p r e s e n t  s ta te  of development of MANDEX, engineer ing judgment mus t  
be used  to evaluate the above effects. These effects  were  not consid- 
e r e d  to be a problem in  the example given. 

If the var ia t ions of the output va r i ab le  with r e spec t  to 

In 

The l a s t  i t e m  in  the "Detailed MANDEX Resul ts"  sect ion i s  a 
list of the solutions of a l l  output va r i ab le s  when one pa r t i cu la r  output 
va r i ab le  i s  t e s t ed  for  a wors t - case  solution. The solutions a r e  l is ted 
a c r o s s  the page in  the standard floating-point notation. 
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2. 5 One -at -a -time Solutions 

A s  was indicated in a preceding section, solutions of the output 
var iab les  a r e  obtained for one-at-a- t ime var ia t ion of the input p a r a m -  
e t e r s .  That is, the f i r s t  input p a r a m e t e r  i s  s e t  a t  its maximum value, 
while a l l  other input p a r a m e t e r s  a r e  se t  at their  nominal values and 
the solutions of the output var iab les  a r e  calculated. 
r a m e t e r  i s  s e t  at i t s  min imum value and solutions of the output v a r i -  
ables  a r e  calculated. The computer  follows the s a m e  p rocedure  fo r  
the second, third, etc,  until a l l  input p a r a m e t e r s  have been var ied.  
F igure  6 is an example of the printout of the one-at-a- t ime solutions 
of the output variables.  
l i s ted  in standard floating-point notation in  o rde r  a c r o s s  the page. 

Next, the input pa -  

The solutions of the output var iab les  a r e  

2 .6  Summary  

Since the MANDEX Analysis P r o g r a m  resu l t s  i n  a la rge  volume 

This s u m m a r y  is  designed to be attached to the 
of information, a section summar iz ing  the MANDEX analysis  was  made  
p a r t  of the program.  
r epor t  to the Design Review Board describing the MANDEX analysis  
of the de sign. 

The summary  consis ts  of th ree  par t s :  ( 1 )  c i rcu i t  descr ipt ion and 
a listing of the iiiput p a r a m e t e r s  and their  var ia t ions allowed, ( 2 )  the 
MANDEX resu l t s ,  which contain a l ist ing of the output var iab les ;  the 
l imi t s  against  which solutions for  these output var iab les  w e r e  tes ted;  
the w o r s t - c a s e  solutions for  these output var iab les ;  an indication if  the 
requi rement  was not met ;  an indication i f  the equivalent c i rcu i t  was  not 
valid; and the index numbers  of input p a r a m e t e r s  which contribute 
m o r e  than 20 percent of the var ia t ion in  a par t icu lar  output var iab le ;  
and ( 3 )  a comparison of the nominal solutions of the output var iab les  
with measu red  breadboard values. 

The f i r s t  par t  of the s u m m a r y  is  a repeti t ion of Section 1 of the 
MANDEX analysis and is i l lus t ra ted  in F igure  2. 
ple of the "MANDEX Results" pa r t  of the summary .  
Resul ts ' '  page summar izes  the "Detailed MANDEX Results" section of 
the analysis.  As s ta ted  above, the maximum and /o r  minimum values  
of the output variables that w e r e  tes ted  for  w o r s t - c a s e  maximum o r  
wors t - case  minimum a r e  l is ted on the "MANDEX Results" page. 

F igu re  7 is an  exam-  
The "MANDEX 
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COMPUTE VALUES O F  OUTPUT PARAM- 
ETERS WITH EACH INPUT PARAMETER 

VALUES 
SEQUENTIALLY AT ITS END-OF-LIFE 

-_ 

ENTER 
(A) MANDEX METHOD LOGIC PROGRAM 
(B) EQUIVALENT CIRCUIT SUBROUTINE 
(C)  DATA 

SET WORST- SET WORST-CASE CON- 
CASE CON- DITION FOR A MAXI- 
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PRINT 
(A) RESULTS O F  ONE-AT-A-TIME 
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(B)  SUMMARY SHEET 
(C)  BREADBOARD CHECK 

Figure  1 .  MANDEX Method Flow Char t  
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